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CHAPTER I: GENERAL INTRODUCTION 
SIGNIFICANCE AND RATIONALE 
The development of a cuticle is recognized as one of the primary adaptations 
necessary for colonization of land by plants. The cuticle covers the aerial portions of plants 
and protects the internal tissues from both biotic and abiotic stresses and is therefore 
necessary for the plant's survival (Martin and Juniper, 1970; Kolattukudy, 1981a). Cuticular 
waxes are one of the primary components of the cuticle and therefore a thorough 
understanding of the genes involved in the biosynthesis and regulation of cuticular wax 
biosynthesis is of significant value. Abundant genetic resources that include mutants of 
many loci involved in cuticular wax production are available in both maize and Arabidopsis. 
However, the compositions of the cuticular waxes from maize and Arabidopsis are 
fundamentally different, suggesting that the biosynthetic pathways that lead cuticular wax 
production differ between the two species. Because of the agronomic importance of maize 
and the potential for more immediate applications of knowledge gained, this study has 
focused on genes involved in the production of maize cuticular waxes. 
DISSERTATION ORGANIZATION 
This dissertation is organized into five chapters. Chapter 1 includes a literature 
review that provides a general introduction to cuticular waxes, their biosynthetic pathways, 
and the genes involved in their accumulation. Chapter 2 is a manuscript in preparation for 
submission to Plant Physiology describing a mutagenesis experiment designed to saturate 
maize for genes involved in the accumulation of epicuticular waxes. This manuscript 
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includes a phenotypic description and biochemical characterization of cuticular waxes from a 
large collection of maize glossy (gl) mutants. The biochemical characterizations of cuticular 
waxes were performed by Ann Perera. Joel Hansen was involved in some of the initial 
phases of characterization, mapping, and complementation experiments. Frank 
Hochholdinger provided the confocal microscopy images and interpretation of the lateral root 
phenotype associated with gl30. All of the remaining data were collected by Charles 
Dietrich. Interpretations of the results from the biochemical characterization, mapping and 
complementation analyses, phenotypic characterizations, and manuscript preparation were 
also performed primarily by Charles Dietrich. 
Chapter 3 is a manuscript that has been accepted for publication in Genetics. It 
describes the characterization of a collection of Mu insertion alleles in the maize gl8 gene. A 
collection of 79 independently isolated gl8-Mu alleles was available for this study. The study 
provided information pertaining to the gl8 gene but also revealed novel information relative 
to Mu transposon insertion preferences. Under the guidance of Charles Dietrich, Mark 
Packila performed the initial characterization of 50 of these alleles while he was an 
NSF/REU intern in the Schnable laboratory. Dr. Daniel Ashlock created the genetic 
algorithm to optimally align Mu insertions site sequences. Feng Cui extracted the RescueMu 
insertion sequences from Genbank and performed the secondary structure analyses of them. 
The high-throughput DNA extraction method used in this study was developed by Jin Li. 
Charles Dietrich confirmed the initial characterizations performed by Mark Packila and 
analyzed the remaining gl8-Mu alleles. Interpretations of data and manuscript preparation 
were performed primarily by Charles Dietrich. 
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Chapter 4 is a manuscript in preparation for submission to Plant Cell describing the 
isolation and characterization of a duplicate gl8 gene and its subsequent use in establishing 
that the enzyme encoded by these genes is essential for maize plant growth and development. 
Xiaojie Xu isolated and sequences part of the gl8b genomic clone. Dr. Robert Meeley helped 
perform the TUSC reverse genetic screen that identified the gl8b mutant allele. Ann Perera 
performed biochemical characterizations of the cuticular waxes and Marianne Smith 
performed the in situ hybridization studies. The remaining experiments discussed in this 
chapter, data interpretation, and manuscript preparation were performed primarily by Charles 
Dietrich. 
Chapter 5 contains a general summary and conclusions. Appendix A contains a 
summary of efforts to characterize the molecular lesion associated with the g/Sa-EMS alleles. 
The sequencing was performed Mark Packila. Appendix B summaries the results of efforts 
that have been made by Hailong Zhang, Ruli Xie, Dr. Guoying Wang and Charles Dietrich to 
catalog and map the maize KCS genes. 
INTRODUCTION 
The cuticle consists of several stratified layers of varying compositions (Figure 1). 
Cutin, an insoluble polyester composed of cross-esterified C16 or C18 hydroxy and hydroxy 
epoxy fatty acids, provides the structural component of the cuticle and provides the plant 
protection from various insect and fungal pathogens (Kolattukudy, 1996). Cuticular waxes 
embedded in the layers of cutin are called intracuticular wax and cuticular waxes present on 
the outermost surface as crystalline structures are known as epicuticular waxes (Baker, 
1980). Cuticular waxes are composed of various lipids and therefore have hydrophobic 
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epicuticular 
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intracuticular wax 
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Figure 1. Schematic representation of plant cuticle 
A. Epicuticular wax 
B. Cutin embedded in wax 
C. Region containg cutin, wax, and carboydrate polymers, 
possibly with a small amount of protein 
D. Pectin 
E. Cell wall of epidermis 
Figure modified from Kolatukudy, 1980 
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properties that help prevent desiccation of the plant (Hadley, 1989). In addition, cuticular 
waxes have a reflective property that provides protection from UV radiation (Reicosky and 
Hanover, 1987). Cuticular waxes have also been shown to have important roles in protection 
from frost induced injury (Harwood, 1980; Marcellos and Burke, 1979; Thomas and Barber, 
1974; Single and Marcellos, 1974), pathogens (Kolattukudy, 1987; Jenks et al., 1994), in 
addition to roles in pollen-stigma interaction (Preuss et al., 1993), and plant-insect 
interactions (Stork, 1980; Edwards, 1982; Eigenbrode and Shelton, 1990; Eigenbrode and 
Espelie, 1995). 
Cuticular waxes are also found in association with suberin, a polymer found primarily 
in the below-ground portions of plants (Kolattukudy, 1984). However, suberin is also 
synthesized in aerial organs in response to wounding (Dean and Kolattukudy, 1976) and at 
select sites during development such as the abscission zone and the chalazal region of the 
seedcoat (Espelie et al., 1980). The vascular bundles of C4 plants have also been found to be 
suberized (Espelie and Kolattukudy, 1979). 
Cuticular waxes, therefore, have numerous important biological functions and, as 
might be expected, are ubiquitous throughout the plant kingdom (Post-Beittenmiller, 1996). 
Thus, a great potential exists to introduce plant varieties with superior traits such as increased 
drought tolerance or pathogen resistance by modifying cuticular waxes. However, before 
this potential can be realized, the mechanisms and genes responsible for cuticular wax 
biosynthesis need to be elucidated. In maize, a group of loci know as "glossy" (g[) loci have 
been identified by mutations that condition a phenotype in which the juvenile leaves appear 
shiny or glossy as a result of modified epicuticular waxes (reviewed by Schnable et al., 
1994). A mutagenesis experiment designed to saturate maize for gl loci would provide a 
6 
better understanding of the number of genes involved in the production of cuticular waxes. 
In addition, a complete collection of gl mutants would be a valuable resource for future 
candidate gene cloning approaches that will become increasingly popular as large collections 
of mapped ESTs become available. 
Currently, only a handful of genes involved in the accumulation of cuticular waxes 
have been cloned and, of those, even fewer have defined molecular functions. The best 
characterized of these genes is the maize glossy8 (gl8) gene. The gl8 gene encodes a protein 
that is involved in the biosynthesis of very long chain fatty acids (VLCFAs), which are the 
precursors to cuticular waxes (Xu et al., 1997; Xu et al., 2002). The g/8 gene exists in maize 
as a duplicate gene pair. Genetic and molecular characterization of this gene pair will 
provide increased knowledge of the pathways involved in cuticular wax biosynthesis and in 
the roles for VLCFAs throughout the plant. 
BIOCHEMISTRY OF CUTICULAR WAX BIOSYNTHESIS 
Cuticular wax biosynthesis involves the elongation of fatty acids generated from de 
novo fatty acid biosynthesis by the addition of carbon from malonyl-CoA and subsequent 
modification of the elongated fatty acids into the individual wax components. Hence, the 
biochemistry of cuticular wax biosynthesis will be discussed in four parts: generation of 
malonyl-CoA, de novo fatty acid biosynthesis, fatty acid elongation, and modification of 
fatty acids. 
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Generation of malonyl-CoA 
In all cells, fatty acid biosynthesis is initiated by the conversion of acetyl-CoA to 
malonyl-CoA by acetyl-CoA carboxylase (ACCase). Generation of malonyl-CoA is 
considered the first committed step for de novo fatty acid synthesis (Harwood, 1988) and is 
believed to be the primary rate-limiting step for fatty acid biosynthesis (Post-Beittenmi11er et 
al., 1991; Shintani and Ohlrogge, 1995). Two forms of ACCase have been identified, a 
heteromeric and homomeric form (reviewed by Ohlrogge and Browse 1995). The 
heteromeric form consists of four separate polypeptides: biotin carboxyl carrier protein 
(BCCP), biotin carboxylase, and two subunits of BCCP:acetyl-CoA transcarboxylase. The 
homomeric form consists of a single multifunctional polypeptide containing all three 
functional domains. Animals and fungi have the homomeric ACCase form; bacteria have the 
herteromeric form; and most plants appear to have both forms of ACCase. In plants, 
ACCase activity is required to generate malonyl-CoA pools in both plastids (for fatty acid 
synthesis) and in the cytosol (for fatty acid elongation). Plants that contain both ACCase 
forms have the herteromeric form in the plastid and the homomeric forms in the cytosol. 
Gramineae have only the heteromeric form (Egli et al. 1993; Konishi and Sasaki, 1994) but 
have two isoforms of the enzyme (ACCasel and ACCaseH) that appear to have different sub­
cellular locations (Egli et al., 1993) and may represent the plastid and cytosolic forms 
(Ohlrogge et al., 1993). 
De novo laity acid biosynthesis 
Like ACCase, fatty acid synthase (FAS) is found in two forms. Bacteria and plants 
have a type II FAS that consists of several separate polypeptides while animal and fungi have 
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a type I FAS that consists of a multifunctional enzyme complex (reviewed by Ohlrogge and 
Browse, 1995). Both types of FAS consist of soluble enzymes. In plants these enzymes are 
present in the stroma of the plastid (Ohlrogge et al. 1979; Stumpf, 1984; Weaire and 
Kekwick, 1975). 
The reactions involved in FAS are summarized in Figure 2. Malonyl-CoA generated 
from ACCase is transferred to an ACP domain within the fatty acid synthase (FAS) complex 
via a transacylase. A condensation reaction then occurs between the malonyl-ACP and a 
second molecule of acetyl-CoA. This enzyme is catalyzed by ketoacyl synthase HI (KASIII) 
and results in the formation of acetoacetyl-ACP and the release of CO, A reduction of the P-
keto group by an NADPH dependent P-ketoacyl-ACP reductase results in formation of 3-
hydroxybutryl-ACP. H20 is then released by the action of P-3-hydroxyacyl-ACP dehydrase 
to produce crotonyl-ACP. Crotonyl-ACP is then converted to butryl-ACP by 2,3 trans-
enoyl-ACP reductase. Butryl-ACP is then reattached to the cysteine residue of FAS complex 
in which acetyl-CoA was initially attached. This completes one "round" of FAS and results 
in an acyl chain two carbons longer than the original acetyl-CoA molecule. Six additional 
rounds of fatty acid synthesis are each initiated by condensation of the growing acyl chain 
with malonyl-ACP by KASI. The condensation reaction to initiate the final round of fatty 
acid synthesis is performed by KASII. 
The products of de novo fatty acid biosynthesis are partitioned between at least three 
pathways that lead to the biosynthesis of glycerolipids, waxes, and cutin or suberin (Post-
Beittemiller, 1996). Partitioning, at least to some degree, is directed by specific acyl 
transferases that hydrolyze fatty acids from the FAS. Oleoyl-ACP thioesterase preferentially 
hydrotyzes CI8:1 fatty acids that are the major fatty acids in glycerolipids (Ohlrogge et al., 
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Figure 2. Comparison of fatty acid synthase (FAS) with fatty acid elongase (FAE). Fatty acid synthesis occurs in the plastid 
and results in the production of C16 and CI8 fatty acids. Saturated C18 fatty acids are partitioned to the cytosol where they 
are further elongated by FAE to a final chain length of C32 in maize. The overall pathways between FAS and FAE are 
analogous with two major exceptions: 1) FAS is conposed of soluble enzymes while FAE involves membrane bound enzymes 
and 2) ACP serves as the carrier protein for FAS while the carrier protein for FAE is unknown. The unknown carrier protein 
is designated as an X. Enzymes 2B is unknown and is dependent upon the identity of the carrier protein. 
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1978) and are the primary monomer, along with C16:0 of cutin and suberin polymers 
(Kolattukudy, 1980). A stearoyl-ACP specific thioesterase was purified from leek epidermal 
extracts that was found to preferentially hydrolyze C 18:0 fatty acids that serve as precursors 
for VLCFA biosynthesis (Liu and Post-Beittenmi11er, 1995). 
Elongation of fatty acids 
In plants, fatty acid elongation occurs in the cytosol by membrane bound fatty acid 
elongase (FAE) (Cassagne and Lessire, 1978; Whitfield et al., 1993; Agrawal et al., 1984; 
Post-Beittenmi 11er, 1996). Experimental evidence has been accumulating over the past 
several decades that suggests that FAE is composed of several dissociable protein 
components (reviewed by von Wettstein-Knowles, 1987; Post-Beittenmiller, 1996). One line 
of evidence comes from the identification of intermediates during acyl-CoA elongation in 
leek epidermal cells (Lessire et al., 1989; 1998; 1999). In addition, SDS-polyacrylamide gel 
electrophoresis of partially purified leek acyl-CoA elongases reveals that they are composed 
of several protein components (Bessoule et al., 1989). Still more evidence comes from the 
cloning of genes encoding two of the components of FAE. Ketoacyl-CoA synthases have 
been cloned from Arabidopsis including FAE1 (James et al., 1995), KCS1 (Todd et al., 1999) 
and CUTI (Millar et al., 1999; Fiebig et al., 2000). Ketoacyl-CoA synthases have also been 
cloned from jojoba (Lassner et al., 1996) and Brassica napus (Barret et al., 1998). The 
Arabidopsis KCS1 and CUTI genes have been demonstrated to be involved in cuticular wax 
biosynthesis, while FAE1, and the genes from jojoba and B. napus, are involved in 
production of storage lipids in seeds. From maize, the gl8 gene has been cloned (Xu et al., 
1997) and demonstrated to encode the P-ketoacyl-CoA reductase of FAE (Xu et al., 2002). 
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Efforts to isolate other components of FAE have been hampered by the insoluble 
nature of the enzymes. However, partially purified FAE has been isolated from membrane 
extracts of several species, including leek (Agrawal and Stumpf, 1985, Lessire et al., 1985b; 
Bessoule et al., 1989; 1992; Evenson and Post-Beittenmi 11er, 1995), pea (Bolton and 
Harwood, 1977), and maize (Lessire et al., 1982). Characterization of these partially purified 
elongases suggests that several distinct types of elongases have been isolated. These include 
an ATP-dependent elongase and an acyl-CoA elongase that operates independently of ATP 
(Domergue at al., 1998; 1999). In addition, an icosanoyl-CoA synthase complex has been 
found in the Golgi apparatus of leek (Lessire et al., 1985a). 
The reactions involved in each of these fatty acid elongases are believed to occur in 
an analogous manner to that of FAS (Figure 2). Saturated 18C fatty acids are transported 
from the plastid to the cytosol and converted to stearoyl-CoA before further elongation (up to 
32C in maize) by FAE. The initial condensation reaction involves stearoyl-CoA and 
malonyl-CoA, but it has not been determined if stearoyl-CoA and malonyl-CoA are 
transferred to another carrier protein or are bound to FAE. However, in contrast to FAS, 
ACP is not involved in the elongation reactions (Agrawal et al., 1984; Agrawal and Stumpf, 
1985). Following condensation, subsequent reactions involving P-ketoacyl reductase, P-
hydroxyacyl dehydrase, and enoyl reductase regenerates the fully saturated acyl substrate 
(now 2C longer) for further rounds of FAE. Elongation continues 2C per FAE cycle up to 32 
carbons in length in maize. 
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Modification of fatty acids 
Cuticular waxes are composed of several types of lipids derived from the VLCFA 
produced by FAE. These lipids are generated by three distinct pathways: decarbonylation, 
acyl-reduction, and P-keto acyl-elongation pathways (Post-Beittenmi 11er, 1996). The 
decarbonylation pathway primarily results in odd chain alkanes, 2° alcohols and ketones. The 
acyl-elongation pathway results in aldehydes, 1° alcohols, and esters. The P-ketoacyl-
elongation pathway generates a variety of oxygenated hydrocarbons (Figure 3). The 
contribution to the final cuticular wax content from each of these pathways varies greatly 
among species. For example, maize cuticular waxes from seedlings are composed primarily 
of products from the acyl-reduction pathway (Bianchi et al., 1985); Arabidopsis cuticular 
waxes are composed of alkanes (McNevin et al., 1993; Hannoufa et al., 1993; Jenks et al., 
1995), which result from the decarbonylation pathway; and cuticular waxes from the barley 
spike are primarily the products of the P-ketoacyl-elongation pathway (vonWettstein-
Knowles and Sogaard, 1991). Studies from cuticular wax inhibitors and wax deficient 
mutants indicated that the pathways are present in separate parallel pathways (reviewed by 
Post-Beittenmiller, 1996). Analysis of the barley cer-cqu mutants has demonstrated that the 
P-ketoacyl-elongation pathway appears to be present as a distinct FAE (von Wettstein-
Knowles and Sogaard, 1980). It is not clear if the decarbonylation and acyl-reduction 
pathways are present as distinct elongases or if both pathways share the same elongase. 
Analysis of mutants from Arabidopsis provides evidence that the pathways represent separate 
FAEs. For example, the Arabidopsis cer4 mutant appears to affect products of the acyl-
reduction pathway but does not affect products from the decarbonylation pathway (Hannoufa 
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Figure 3. Three primary cuticular wax biosynthesis pathways. 
Figure from Post-Biettenmiller, 1996. 
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et al., 1993; Jenks et al., 1995). Analysis of cuticular waxes from maize mutants has been 
interpreted to suggest the presence of two acyl-reduction pathways; one leading to the 
production of aldehydes and alcohols, and the other leading to the production of esters 
(Bianchi et al., 1979). 
TRANSPORT OF CUTICULAR WAX COMPONENTS 
The VLCFAs that are the precursors of the cuticular waxes that accumulate on plant 
surfaces are synthesized in the cytosol. Therefore a mechanism must exist to transport 
cuticular waxes to the outside of cells. Lipid transfer proteins (LTP) have been proposed as a 
mechanism for cuticular wax movement (Jeffree et al., 1976). LTP have been found to be 
expressed in epidermal cells from a variety of organs (Causing, 1994; Fleming et al., 1992) 
and immunolocalization studies have indicated LTP are found in cell walls (Thoma, 1993) 
and the cuticular wax layer (Pyee, 1994). More recent studies suggest that LTP are not 
necessary for movement of cuticular wax from the cuticle to the surface but that they may be 
involved in their movement through the pectin layer (Neinhuis et al., 2001). LTP may also 
be involved in the intracellular movement of fatty acids between the ER, Golgi and plasma 
membrane (Bertho, 1991). The maize gll gene also encodes a protein that may be involved 
in membrane fusions needed for such movements (Hansen et al., 1997). 
The mechanism of movement of cuticular waxes to the surface appears to have been 
at least partially accounted for in a recent report by Neinhuis et al. (2001). This report 
proposes a mechanism by which waxes move through the cuticle in a process similar to 
steam distillation, i.e. wax components are moved through the cuticle in a cuticular water 
current and crystallize when they reach the surface. In this study, cuticular waxes were 
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extracted with chloroform, dried and then re-dissolved in chloroform as a 5% solution and 
applied to a cellulose filter paper and again dried. The cellulose filter was then covered with 
a polyurethane film and placed in a diffusion chamber to allow water vapor to pass through 
the polyurethane film, to simulate transpiration through a cuticle. After 13 days, SEMs 
revealed epicuticular wax crystal on the top surface of the polyurethane film that were nearly 
identical the epicuticular wax crystals found on the leaf from which the waxes were 
originally extracted. This experiment demonstrates that well-defined pores are not needed 
for transport of waxes to the surface as had previously been proposed (von Wettstein-
Knowles, 1995). 
GENETICS OF CUTICULAR WAX BIOSYNTHESIS 
Cuticular wax deposition varies from species to species and both temporally and 
spatially within species. In Arabidopsis, cuticular waxes are produced primarily on the stems 
and siliques (Koomneef et al., 1989; Hannoufa et al., 1993; Jenks et al., 1995). In barley, 
cuticular waxes are produced on the leaf blades and spike that each have distinctive 
compositions (Lundquist and von Wettstein-Knowles, 1982). Sorghum produces heavy wax 
blooms on older leaves as opposed to maize, which produced wax primarily on juvenile 
leaves (Bianchi and Marches!, 1960). Mutations that result in modifications to the cuticular 
waxes have been identified from each of these species, indicating that cuticular wax 
biosynthesis is under genetic control. These mutations result in either reduced levels of 
epicuticular waxes or cause changes in the epicuticular wax composition that result in visible 
changes in the appearance of the plant. Mutations in genes required for the biosynthesis of 
cuticular waxes, transport of waxes within the cell or to the surface, or that are involved in 
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the regulation of cuticular wax biosynthesis could all result in plants with modified cuticular 
waxes. Analysis of waxes from mutants has been one of the primary means for deciphering 
the various pathways for cuticular wax biosynthesis. 
More than 1560 cer mutants from barley have been characterized and placed into 85 
complementation groups (von Wettstein-Knowles, 1995). Although none of these genes 
have yet been cloned, analysis of wax from the mutants has provided much insight into 
cuticular wax biosynthesis in barley. For example, an analysis of the cer-cqu mutants 
revealed that the Cer-cqu locus encodes a single multifunctional polypeptide with three 
distinct functional domains (von Wettstein-Knowles and Sogaard, 1981). Mutations in the 
Cer-cqu locus specifically affect wax components from the P-ketoacyl elongation pathway 
but not the decarbonylation or acyl-reduction pathways indicating that P-ketoacyl elongation 
is a distinct pathway in barley (Post-Beittenmiller, 1996). 
Arabidopsis mutants that result in reduced accumulation of epicuticular waxes are 
also known as cer mutants. Twenty-two CER genes have thus far been defined (Koomneef 
et al., 1989; McNevin et al., 1993). This appears to be close to saturation of mutants that 
result in visible phenotypes. For several loci only single alleles have been recovered so far. 
Hence, it is likely that a few more Arabidopsis cer genes remain to be defined. The CER I 
(Aarts et al., 1995), CER2 (Negruk et al., 1996; Xia et al., 1996), CER3 (Hannoufa et al., 
1996) and CER6 (Fiebig et al., 2000) genes have all been cloned. CER I has been proposed 
to encode a decarbonylase, the CER2 and CER3 genes encode novel proteins of unknown 
function, and CER6 encodes a ketoacyl synthase. 
Mutants that affect cuticular wax accumulation in sorghum define bloomless (bm) 
loci. A collection of 33 chemically induced bm mutants have been characterized by SEM 
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analysis and placed into 14 classes based to the structure of the epicuticular waxes (Jenks et 
al., 1992). Subsequent complementation and characterization of these mutants have 
established that these mutants represent 12 genes (Jenks et al., 2000). 
Cuticular wax mutants in maize are identified by a glossy appearance of the juvenile 
leaves. These mutants are called glossy (gl) mutants. Analyses of such mutants has defined 
19 maize loci involved in cuticular wax accumulation (Schnable et al., 1994). Of these, the 
gll (Hansen et al., 1997), gl2 (Tacke et al., 1995), gl8 (Xu et al., 1997) and gll5 (Moose and 
Sisco, 1996) genes have been cloned. The gll and gl2 loci encode novel proteins whose 
functions have not been established. The gll locus exhibits sequence similarity to the 
Arabidopsis CER1 gene, but the composition of the wax that accumulate on gll mutants is 
not consistent with gll encoding a decarbonylase (Hansen et al., 1997). The GL1 protein 
also shows similarity to a class of integral membrane receptors known as fusin that are 
essential for HIV-mediated fusion of cellular membranes (reviewed by Hansen et al., 1997). 
Hence, GL1 may be involved in membrane fusions that are required for transporting cuticular 
waxes through the endomembrane system. 
The g/2-encoded protein exhibits 63% sequence similarity to Arabidopsis CER2 (Xia 
et al., 1996). CER2 encodes a 47-kD soluble protein that localizes to the nucleus and 
therefore may function as a regulatory protein (Xia et al., 1997). Hence, gl2 may have a 
similar regulatory function as CER2. The gll5 gene encodes a putative transcription 
regulator involved in control of the transition from juvenile to adult leaves (Moose and Sisco, 
1996). Mutations in gll5 result in a premature transition from juvenile to adult leaves. Thus, 
the glossy phenotype in gll5 mutants is a pleiotropic effect of the premature transition to 
adult leaf wax characteristics. The gl8 gene encodes a P-ketoacyl reductase (Xu et al., 1997; 
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Xu et al., 2002). Characterization of gl8 mutants and a duplicate gl8 gene are focus of 
Chapters 3 and 4 of this dissertation. 
THE MAIZE GL8 GENE 
The gl8 locus was first described by Emerson et al. (1935). Seedlings homozygous 
for gl8 mutations strongly express the glossy phenotype but otherwise develop normally. 
The Mutator transposon system has been used to generate a large number of Mu insertion 
alleles in gl8 (Schnable et al., 1994; Xu et al., 1997). Cosegregation analysis of one of these 
alleles led to the identification of a Mu8 transposon that cosegregated with the glossy 
phenotype. DNA flanking this Mu8 transposon was isolated and used in allelic cross-
referencing experiments to demonstrate that the DNA fragment was from the gl8 gene. 
Subsequent isolation of a g/S-hybridizing cDNA clone revealed that gl8 encodes a protein 
that was similar to a group of enzymes that catalyze the reduction of ketones. This led to the 
development of a hypothesis that gl8 functioned as a reductase during fatty acid elongation 
(Xu et al., 1997). This hypothesis was tested by immunolocalization experiments that 
demonstrated GL8 accumulates specifically in ER membranes as would be expected for a 
component of FAE. Further evidence to support the role of gl8 as a reductase in fatty acid 
elongation was obtained through immunoinhibition studies performed on leek and maize 
microsomal extracts. These studies demonstrated that anti-GL8 IgG inhibited the in vitro 
elongation of stearoyl-CoA but did not significantly inhibit the partial reaction of 3-ketoacyl-
CoA synthase, 3-ketoacyl-CoA dehydrase, and (£) 2,3-enoyl-CoA reductase (Xu et al., 
2002). These results indicate that the inhibition of stearoyl-CoA by anti-GL8 IgG is due to 
an interaction with the 3-ketoacyl-CoA reductase of FAE, thus providing support to the 
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hypothesis that the GL8 protein functions as a 0-ketoacyl reductase during the elongation of 
VLCFAs that are required for the production of cuticular waxes. 
LITERATURE CITED 
Agrawal VP, Lessire R, Stumpf PK (1984) Biosynthesis of very long chain fatty acids in 
microsomes from epidermal cells of Allium porrum L. Arch Biochem Biophys 230:580-589 
Agrawal VP, Stumpf PK (1985) Characterization and solubilization of an acyl chain 
elongation system in microsomes of leek epidermal cells. Arch Biochem Biophys 240:154-
165 
Aarts MG, Keijzer CJ, Stiekema, WJ, Pereira A (1995) Molecular characterization of the 
CER1 gene of Arabidopsis involved in epicuticular wax biosynthesis and pollen fertility. 
Plant Cell 7(12): 2115-27 
Baker EA (1980) Chemistry and morphology of plant cuticular waxes. In: DF Cutler, KL 
Alvin, and CE Price, eds, The plant Cuticle. Academic Press, New York, pp. 139-165 
Barret P, Delourme R, Renard M, Domergue F, Lessire R, Delseny M, Roscoe TJ (1998) 
A rapeseed FAE1 gene is linked to the El locus associated with variation in the content of 
erucic acid. Theor Appl Genet 96:177-186 
Bessoule JJ, Lessire R, Cassagne C (1989) Partial purification of the acyl-CoA elongase of 
Allium porrum leaves. Arch Biochem Biophys 268:475-484 
Bessoule JJ, Creach A, Lessire R, Cassagne C (1992) Evaluation of the amount of acyl-
CoA elongases in leek (Allium porrum L) leaves. Biochim Biophys Acta 1117:78-82 
Bianchi A, Marches! G (1960) The structure of the leaf in normal and glossy maize 
seedlings. Z Vererb Lehre 91:214-219 
Bianchi G, Avato P, Salamini F (1979) Glossy mutants of maize. IX. Chemistry of glossy 4, 
glossy 8, glossy 15 and glossy 18 surface waxes. Heredity 42:391-395 
Bianchi A, Bianchi G, Avato P (1985) Biosynthetic pathways of epicuticular wax of maize 
as assessed by mutation, light, plant age and inhibitor studies. Maydica 30:179-198 
Bolton P, Harwood JL (1977) Some characteristics of soluble fatty acid synthesis in 
germinating pea seeds. Biochim Biophys Acta 489:15-24 
20 
Cassagne C, Lessire R (1978) Biosynthesis of saturated very long chain fatty acids by 
purified membrane fractions from leek epidermal cells. Arch Biochem Biophys 191:146-152 
Dean BB, Kolattukudy PE (1976) Synthesis of suberin during wound-healing in jade 
[Crassula argentea] leaves, tomato fruit, and bean pods. Plant Physiol 58:411-416 
Doraergue F, Bessoule P, Moreau R, Lessire C, Cassagne (1998) In: Harwood JL ed, 
Plant Lipid Biosynthesis: Fundamental and Agricultural Applications, Cambridge University 
Press, Cambridge pp 185-222 
Domergue F, Chevalier S, Santarelli X, Cassagne C, Lessire R (1999) Evidence that 
oleoyl-CoA and ATP-dependent elongations coexist in rapeseed (Brassica napus L.). Eur J 
Biochem 263:464-470 
Eigenbrode SD, Shelton AM (1990) Behavior of neonate diamondback moth larvae 
(.Lepidoptera: Plutellidae) on glossy-leafed resistant Brassica oleracea L. Environ Entomol 
19:1566-1571 
Eigenbrode SD, Espelie KE (1995) Effects of plant epicuticular lipids on insect herbivores. 
Annu Rev Entomol 40:171-194 
Edwards PB (1982) Do waxes on juvenile Eucalyptus leaves provide protection from 
grazing insects? Aust J Ecol 7:347 
Egli MA, Gengenbach BG, Gronwald JW, Somers DA, Wyse DL (1993) Characterization 
of maize acetyl-coenzyme A carboxylase. Plant Physiol 101:499-506 
Espelie KE, Davis RW, Kolattukudy PE (1980) Composition, ultrastructure and function 
of the cutin- and suberin-containing layers in the leaf, fruit peel, juice-sac and inner seed coat 
of grapefruit (Citrus paradisi Macfed.). Planta 149:498-511 
Espelie KE, Kolattukudy PE (1979) Composition of the aliphatic components of suberin' 
from the bundle sheaths of Zea mays maize leaves. Plant Sci Lett 15:225-230 
Evenson KJ, Post-Beittenroiller D (1995) Fatty acid-elongating activity in rapidly 
expanding leek epidermis. Plant Physiol 109:707-710 
Fehling E, Mukherjee KD (1991) Acyl-CoA elongase from higher plant (Lunaria annua): 
metabolic intermediates of very-long-chain acyl-CoA products and substrate specificity. 
Biochim Biophys Acta 1082:239-246 
Fiebig A, Mayfield JA, Miley NL, Chau S, Fischer RL, Preuss D (2000) Alterations in 
CER6, a gene identical to CUTI, differentially affect long-chain lipid content on the surface 
of pollen and stems. Plant Cell 12:2001-2008 
21 
Hadley NF (1989) Lipid water barrier in biological systems. Prog Lipids Res 28:1-33 
Hannoufa A, McNevin J, Lemieux B (1993) Epicuticular waxes of eceriferum mutants of 
Arabidopsis thaliana. Phytochemistry 33:851-855 
Hannoufa A, Negruk V, Eisner G, Lemieux B (1996) The CER3 gene of Arabidopsis 
thaliana is expressed in leaves, stems, roots, flowers and apical meristems. Plant J 10:459-
467 
Hansen JD, Pyee J, Xia Y, Wen TJ, Robertson DS, Kolattukudy PE, Nikolau BJ, 
Schnable PS (1997) The glossy I locus of maize and an epidermis-specific cDNA from 
Kleinia odora define a class of receptor-like proteins required for the normal accumulation of 
cuticular waxes. Plant Physiol 113:1091-100 
Harwood JL (1980) Plant acyl lipids: structure, distribution and analysis In: Stumpf PK and 
Conneds EE, eds. The Biochemistry of Plants. Academic Press, New York, pp 1-55 
Harwood JL (1988) Fatty acid metabolism. Annu Rev Plant Physiol Plant Mol Biol 39:101-
138 
James DW Jr, Lim E, Keller J, Plooy I, Ralston E, Dooner HK (1995) Directed tagging 
of the Arabidopsis FATTY ACID ELONGATION (FAE I) gene with the maize transposon 
activator. Plant Cell 7:309-319 
Jeffree C, Baker E, Holloway P (1976) Origins of the fine structure of plant epicuticular 
waxes. In: Dickson C, Preece T, eds, Microbiology of Aerial Plant Surfaces. Academic 
Press. London 
Jenks MA, Rich PJ, Rhodes D, Ashworth EN, Axtell JD, Ding CK (2000) Leaf sheath 
cuticular waxes on bloomless and sparse-bloom mutants of Sorghum bicolor. Phytochemistry 
54:577-584 
Jenks MA, Joly RJ, Peters PJ, Rich PJ, Axtell JD, Ashworth EN (1994) Chemically 
induced cuticle mutation affecting epidermal conductance to water vapor and disease 
susceptibility in Sorghum bicolor (L.) Moench. Plant Physiol 105:1239-1245 
Jenks MA, Rich PJ, Peters PJ, Axtell JD, and Ashworth EN (1992) Epicuticular was 
morphology of bloomless (bm) mutants in Sorghum bicolar. Int J Plant Sci 153:311-319 
Jenks MA, Tuttle HA, Eigenbrode SD, Feldmann KA (1995) Leaf epicuticular waxes of 
the eceriferum mutants in Arabidopsis. Plant Physiol 108:369-377 
Kolattukudy PE (1980) Cutin, Suberin, and Waxes. In: Stumpf PK, Conn EE eds, The 
Biochemistry of plants: A comprehensive treatise. Academic Press, New York pp 571-645 
22 
Kolattukudy PE (1981) Lipids: structure and function. In Stumpf PK ed, The Biochemistry 
of plants. Academic Press, Orlando 
Kolattukudy PE (1984) Biochemistry and function of cutin and suberin. Can J Bot 62:2918-
2933 
Kolattukudy PE (1996) Biosynthetic pathways of cutin and waxes and their sensitivity to 
environmental stresses. In: Kerstiens G ed, Plant Cuticles: An integrated functional approach, 
Bios Scientific Publishers 
Konishi T, Sasaki Y (1994) Compartmentalization of two forms of acetyl-CoA carboxylase 
in plants and the origin of their tolerance toward herbicides. Proc Natl Acad Sci 91:3598-
2601 
Koornneef M, Hanhart CJ, Thiel F (1989) A genetic and phenotypic description of 
eceriferum (cer) mutants in Arabidopsis thaliana. J Heredity 80:118-22 
Lassner MW, Lardizabal K, Metz JG (1996) A jojoba beta-Ketoacyl-CoA synthase cDNA 
complements the canola fatty acid elongation mutation in transgenic plants. Plant Cell 8:281-
92 
Lessire R, Hartmann-Bouillon A, Cassagne C (1982) Very long chain fatty acids: 
occurrence and biosynthesis in membrane fractions from etiolated maize coleoptiles. 
Phytochemistry 21:55-59 
Lessire R, Bessoule JJ, Cassagne C (1985a) Solubilization of CIS-Co A and C20-CoA 
elongases from Allium porrum L. epidermal cell microsomes. FEBS Letters 187:314-320 
Lessire R, Juguelin H, Moreau P, Cassagne C (1985b) Elongation of acyl-CoAs by 
microsomes from etiolated leek seedlings. Phytochemistry 24 :1187-1192 
Lessire R, Chevalier S, Lucet-Levannier K, Lellouche JP, Mioskowski C, Cassagne C 
(1999) Study of the 3-hydroxy eicosanoyl-coenzyme A dehydratase and (E)-2,3 enoyl-
coenzyme A reductase involved in acyl-coenzyme A elongation in etiolated leek seedlings. 
Plant Physiol 119:1009-16 
Liu D, Post-Beittenmiller D (1995) Discovery of an epidermal stearoyl-acyl carrier protein 
thioesterase: its potential role in wax biosynthesis. J Biol Chem 270:16962-16969 
Lubdquist U, von Wettstein-Knowles PM (1982) Dominant mutations at cer-yy change 
barley spike wax into leaf blade wax. Carlesberg Res Commun 47:29-43 
Marcellos H, Burke MJ (1979) Frost injury in wheat: ice formation and injury in leaves. 
Aust J Plant Physiol 6:513-521 
23 
Martin JT and Juniper BE (1970) The cuticle of Plants. Edward Arnold Ltd., Edinburgh 
McNevin JP, Woodward W, Hannoufa A, Feldmann KA, Lemieux B (1993) Isolation 
and characterization of eceriferum (cer) mutants induced by T-DNA insertions in 
Arabidopsis thaliana. Genome 36:610-618 
Millar AA, Clemens S, Zachgo S, Giblin EM, Taylor DC Kunst L (1999) CUTI, an 
Arabidopsis gene required for cuticular wax biosynthesis and pollen fertility, encodes a very-
long-chain fatty acid condensing enzyme. Plant Cell 11:825-838 
Moose SP, Sisco PH (1996) Glossy 15, an APETALA2-\ike gene from maize that regulates 
leaf epidermal cell identity. Genes Dev 10:3018-27 
Negruk V, Yang P, Subramanian M, McNevin JP, Lemieux B (1996) Molecular cloning 
and characterization of the CER2 gene of Arabidopsis thaliana. Plant J 9:137-45 
Neinhuis C, Kock K, Barthlott W (2001) Movement and regeneration or epicuticular waxes 
through plant cuticles Planta 213:427-434 
Ohlrogge JB, Kuhn DN, Stumpf PK (1979) Subcellular localization of acyl carrier protein 
in leaf protoplasts of spinach Spinacia oleracea. Proc Natl Acad Sci 76:1194-1198 
Ohlrogge JB, Jawarski JG, Post-Beittenmiller D (1993) De novo fatty acid biosynthesis. 
In: TS Moore ed, Lipid Metabolism in Plants. CRC Press, Inc, Bota Raton FL pp 3-32 
Ohlrogge JB, Browse J (1995) Lipids biosynthesis. Plant Cell 7:957-970 
Ohlrogge JB, Shine WE, Stumpf PK (1978) Fat metabolism in higher plants. 
Characterization of plant acyl-ACP and acyl-CoA hydrolases Arch Biochem Biophys 
189:382-391 
Post-BeittenmiUer D (1996) Biochemistry and molecular biology of wax production in 
plants. Annu Rev Plant Physiol 47:405-30 
Post-Beittenmiller D, Jaworski JG, Ohlrogge JB (1991) In vivo pools of free and acylated 
acyl carrier proteins in spinach. Evidence for sites of regulation of fatty acid biosynthesis. J 
Biol Chem 266:1858-65 
Preuss D, Lemieux B, Yen G, Davis RW (1993) A conditional sterile mutation eliminates 
surface components from Arabidopsis pollen and disrupts cell signaling during fertilization. 
Genes Dev 7:974-85 
Rekosky DA, Hanover JW (1978) Physiological effects of surface waxes. I. Light 
reflectance for glaucous and nonglaucous Picea pungens Plant Physiol 62:101-104 
24 
Schnable PS, Stinard PS, Wen TJ, Heinen S, Weber D, Schneerman M, Zhang L, 
Hansen JD, Nikolau BJ (1994) The genetics of cuticular wax biosynthesis. Maydica 
39:279-287 
Single WV, Marcellos H (1974) Studies on frost injury to wheat. IV. Freezing of ears after 
emergence from the leaf sheath. Aust J Agric Res 25:679-686 
Shintani DK, Ohlrogge JB (1995) Feedback inhibition of fatty acid synthesis in tobacco 
suspension cells. Plant J 7:577-587 
Stork NE (1980) Role of wax blooms in preventing attachment to brassicas by the mustard 
beetle, Phaedon cochleariae. Entomol Exp Appl 28:100 
Stumpf PK (1984) Fatty acid biosynthesis in higher plants. In: S Suma, ed. Fatty acid 
Metabolism and its Regulation. Elsevier, Amsterdam, pp 155-199 
Tacke E, Korfhage C, Michel D, Maddaloni M, Motto M, Lanzini S, Salamini F, Doling 
HP. (1995) Transposon tagging of the maize Glossy2 locus with the transposable element 
En/Spm. Plant J 8:907-17 
Thomas DA, Barber HN (1974) Studies on the leaf characteristics of a cline of Eucalyptus 
urnigera from Mount Wellington, Tasmania. I. Water repellency and freezing of leaves. Aust 
J Bot 22:501 
Todd J, Post-Beittenmiller D, Jaworski JG (1999) KCS1 encodes a fatty acid elongase 3-
ketoacyl-CoA synthase affecting wax biosynthesis in Arabidopsis thaliana. Plant J 17:119-
130 
von Wettstein-Knowles PM, Sogaard B (1980) The cer-cqu region in barley: gene cluster 
or mutifunctional gene. Carlsberg Res Commun 45:125-141 
von Wettstein-Knowles PM, Sogaard B (1981) Genetic evidence that cer-cqu is a cluster-
gene. In: Barley Genetics IV: Proc 4th Int Barley Genet Symp, Edinburd Univ Press pp 625-
630 
von Wettstein-Knowles PM (1995) Biosynthesis of genetics and waxes. In: RJ Hamilton ed, 
Waxes: Chemistry, Molecular Biology and Functions. Oily Press, Allowry, Ayr, Scotland pp 
91-130 
Weaire PJ, Kekwick RGO (1975) The synthesis of fatty acids in avocado mesocarp and 
cauliflower bud tissue Biochem J 146:425-437 
Whitfield HV, Murphy DJ, Hills MJ (1993) Sub-cellular localization of fatty acid elongase 
in developing seeds of Lunaria annua and Brassica napus. Phytochemistry 32:255-258 
25 
Xia Y, Nikolau BJ, Schnable PS (1996) Cloning and characterization of CER2, an 
Arabidopsis gene that affects cuticular wax accumulation. Plant Cell 8:1291-304 
Xia Y, Nikolau BJ, Schnable PS (1997) Developmental and hormonal regulation of the 
Arabidopsis CER2 gene that codes for a nuclear localized protein required for the normal 
accumulation of cuticular waxes. Plant Physiol 115:925-937 
Xu X, Dietrich CR, Deliedonne M, Xia Y, Wen TJ, Robertson DS, Nikolau BJ, Schnable 
PS (1997) Sequence analysis of the cloned glossy8 gene of maize suggests that it may code 
for a beta-ketoacyl reductase required for the biosynthesis of cuticular waxes. Plant Physiol 
115:501-510 
Xu X, Dietrich CR, Lessire R, Nikolau BJ, and Schnable PS (2002) The endoplasmic 
reticulum-associated maize GL8 protein is a component of the acyl-CoA elongase involved 
in the production of cuticular waxes. Plant Physiol, In Press 
26 
CHAPTER 2: A SCREEN FOR EPICUTICULAR WAX MUTANTS IDENTIFIES 
NINE NEW gl LOCI INVOLVED IN THE ACCUMULATION OF CUTICULAR 
WAXES IN MAIZE 
A paper in preparation of submission to Plant Physiology 
Charles R. Dietrich, Ann M. Perera, Joel D. Hansen, Frank Hochholdinger, 
Basil J. Nikolau and Patrick S. Schnable* 
Department of Zoology and Genetics (C.R.D., P.S.S.), Interdepartmental Plant Physiology 
program (C.R.D, A.M.P, P.S.S., B.J.N.) Department of Agronomy (P.S.S.), Department of 
Biochemistry Biophysics and Molecular Biology (A.M.P, B.J.N.), Center for Plant Genomics 
(B.J.N., P.S.S) Iowa State University, Ames, IA 50011. 
Current address: University of Tuebingen, Center for Plant Molecular Biology, Department 
of General Genetics, Auf der Morgenstelle 28, 72076 Tuebingen, Germany (F.H.) 
ABSTRACT 
A mutagenesis experiment was undertaken to identify maize genes involved in the 
production of epicuticular wax. A collection of 186 gl mutants was tested for allelism with 
the existing collection of cuticular wax mutants via a combination of mapping and 
complementation experiments. Nine new gl loci involved in the production of cuticular 
waxes were identified. The wide variety of pleiotropic effects associated with mutants at 
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these new loci, and several of the existing gl loci, suggests additional roles for gl genes in 
maize development. Compositional analyses performed on the complete collection of maize 
gl loci identified two distinct classes of gl mutants. This result provides support for the 
involvement of multiple pathways in cuticular wax biosynthesis. 
INTRODUCTION 
Aerial portions of plants are coated with a complex mixture of lipids that serves as 
protection from the environment. These lipids consist primarily of very long chain fatty 
acids (VLCFAs) and their derivatives such as alcohols, aldehydes, alkanes, and esters that are 
collectively referred to as cuticular waxes (Kolattukudy, 1980; Tulloch, 1976). Cuticular 
waxes consist of both intracuticular and epicuticular waxes. Intracuticular waxes are found 
embedded in the cutin polymers of the cuticle. Epicuticular waxes are the wax crystals that 
form on the outermost surface of the cuticle (Baker, 1980). Cuticular waxes provide 
protection from non-stomatal water loss (Martin and Jumper, 1970; Kolattukudy, 1981b), UV 
radiation (Reicosky and Hanover, 1978) and various pathogens (Kolattukudy, 1987; Jenks et 
al., 1994). In addition, cuticular waxes have roles in plant-insect interactions (Eigenbrode 
and Shelton, 1990; Eigenbrode and Espelie, 1995), as well as in pollen-stigma interactions 
(Preuss et al., 1993). These important biological roles, in addition to the relationship 
between cuticular waxes and VLCFAs that have been targets for seed oil modification, have 
generated much interest in defining the molecular mechanisms responsible for the 
biosynthesis of cuticular waxes. 
Much of the efforts to understand cuticular wax biosynthesis have focused on the 
isolation of the enzymes responsible for generating the VLCFA precursors of the waxes. In 
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plants, VLCFAs are generated in the cytoplasm by dissociable enzymes associated with the 
endoplasmic reticulum (Cassagne and Lessire, 1978; Lessire et al., 1982; Whitfield et al., 
1993) that are collectively referred to as fatty acid elongase (von Wettstein-Knowles, 1982). 
The reactions are analogous to those of de novo fatty acid biosynthesis and involve cyclic 
reactions of ketoacyl synthesis, ketoacyl reduction, hydroxyacyl dehydration, and enoyl 
reduction (Fehling and Mukheijee, 1991). An accumulation of data collected over the past 
few decades that includes studies of the effects of various inhibitors on fatty acid elongation 
and analysis of cuticular waxes from various species has lead to the establishment of three 
primary wax biosynthetic pathways: decarbonylation, acyl-reduction, and P-ketoacyl-
elongation (Post-Beittenmiller, 1996; Lemieux, 1996; Kolattukudy, 1996). Most plants are 
believed to express all three of these pathways but their contributions to the final cuticular 
wax load varies from organ to organ and species to species. For example, Arabidopsis 
cuticular waxes are composed primarily of odd-chain alkanes that result from the 
decarbonylation pathway (McNevin et al., 1993; Hannoufa et al., 1993; Jenks et al., 1995). 
In contrast, maize cuticular waxes are products of the acyl-reduction pathway that include 
alcohols and aldehydes found in juvenile leaf wax and esters that are found primarily in adult 
leaf wax (Bianchi et al., 1985). Although partially purified microsomal fractions that have 
the ability to elongate fatty acids in vitro have been isolated from several plant species 
(reviewed by Kolattukudy, 1996), the insoluble nature of the ER associated enzymes has 
hampered efforts to isolate the individual proteins involved in fatty acid elongation. 
Analysis of mutants defective in epicuticular wax accumulation has added to the 
understanding of fatty acid elongation. Such mutants have been identified from a number of 
species including maize (Schnable et al., 1994), Arabidopsis (Jenks et al., 1995), barley (von 
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Wettstein-Knowles, 1995), and sorghum (Jenks et al., 1992). Such mutations are identified 
by their glossy appearance that results from a reduction in the amount of epicuticular waxes 
present on the surface. Epicuticular wax mutants are called glossy (gl) in maize, bloomless 
(bm) in sorghum, and eceriferum (cer) in Arabidopsis and barley. 
Several genes that result in epicuticular wax deficiencies when mutated have been 
cloned. Several of these genes encode proteins that are directly involved in the biosynthesis 
of VLCFAs, the precursors of cuticular waxes. For example, the maize gl8 gene was cloned 
by transposon tagging (Xu et al., 1997) and was demonstrated to encode a P-ketoacyl 
reductase that performs the first reduction reaction in the elongation of fatty acids used in the 
biosynthesis of cuticular waxes (Xu et al., 2002). Similarly, the positional cloning of the 
Arabidopsis CER6 gene (Fiebig et al., 2000) revealed that it encodes a condensing enzyme 
similar to the Arabidopsis FAE I (James et al., 1995) and KCSl (Todd et al., 1999) genes that 
are involved in VLCFA biosynthesis. 
Genes other than those encoding enzymes involved directly in the elongation of fatty 
acids are also required for the biosynthesis of cuticular waxes. These presumably include 
genes encoding enzymes involved in the modification of fatty acids, the export of the waxes 
and/or wax components to the surface, and genes responsible for the temporal and spatial 
regulation of cuticular wax accumulation. Mutations blocking any of these processes could 
potentially result in plants that lack, or have reduced amounts, of cuticular waxes. For 
example, sequence analysis of the maize gll5 gene suggests that it encodes a transcription 
regulator that when mutated results in a premature transition from the juvenile to adult phase 
(Moose and Sisco, 1996). Because, only juvenile maize leaves produce significant amount of 
epicuticular waxes, a premature transition to adult leaf characteristics would result in the late 
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expression of the glossy phenotype, a characteristic of gll5 mutants (Moose and Sisco, 
1994). In addition, a number of cuticular wax genes have been cloned that do not have 
established functions. These include the maize gll (Hansen et al., 1997) and gl2 (Tacke et 
al., 1995) genes, their Arabidopsis orthologs CER1 (Aarts et al., 1995) and CER2 (Negruket 
al., 1996; Xia et al., 1996), respectively, and the Arabidopsis CER3 gene (Hannoufa et al., 
1996). 
A total of 17 maize gl mutants have been identified based on the appearance of a 
glossy phenotype conditioned by altered epicuticular wax accumulation on seedling leaf 
surfaces (reviewed by Schnable et al., 1994). The identification of gl mutants can be 
facilitated by spraying water on the leaf surface. The presence of epicuticular waxes causes 
water to be repelled from the surfaces of normal seedling leaves while water droplets 
accumulate on the leaf surfaces of gl mutants (Coe and Neuffer, 1977; Bianchi, 1978; 
Bianchi et al., 1985). 
Analysis of wax from mutants defective in epicuticular wax production has been one 
of the principal methods in elucidating the pathways involved in cuticular wax biosynthesis. 
However, a detailed compositional analysis has been completed on the waxes of only ten of 
the known gl mutants (Bianchi et al., 1975, 1977,1978, 1979; Avato et al., 1985). This study 
reports an attempt to saturate maize for epicuticular wax mutants via the generation of a large 
number of new gl mutants that were subsequently tested for allelism with each of the known 
gl mutants. Nine new gl loci were thereby identified. GC-MS has been used to determine 
the compositions of the waxes that accumulate in each of these new gl mutants in addition to 
near-isogenic stocks for each of the previously defined gl loci. 
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RESULTS 
Complementation tests 
A collection of 186 gl* alleles has been isolated and analyzed in an attempt to 
saturate maize for gl mutants. The collection includes both A/utotor-induced alleles 
generated from random-tagging experiments and alleles identified in M2 or M3 families 
derived from the treatment of pollen with ethyl methanesulfonate (EMS) (Neuffer, 1994). 
Rather than perform allelism tests between each gl* allele and the 17 existing gl-ref alleles 
(Table I), each gl* allele was first crossed by a B-A translocation series to map it to a specific 
chromosome arm. Subsequent allelism tests could then be limited to gl loci known to reside 
on that particular chromosome arm. In addition, gl* alleles were tested for allelism with 
mutants that had similar phenotypes (Table I). In combination, these approaches established 
that 159 of the 186 gl* mutants were allelic to existing gl loci. The numbers of alleles 
identified for each of the existing gl loci are listed in Table I. 
Identification of nine new gl loci 
The remaining 27 gl* mutants that were not found to be allelic to any of the existing 
gl loci were tested for complementation with each other. These allelism tests revealed that 
the 27 remaining mutant represented at least nine new gl loci. The new gl loci were 
designated gl27 through gl35. Seven of these nine gl loci have been mapped using either the 
B-A or the wx translocation series. Various pleiotropic effects, including novel effects not 
previously associated with gl mutants, are associated with mutations at several of the newly 
identified gl loci. The phenotypes and mapping results of each of the new gl loci are briefly 
described below and summarized in Table I. B73 (Fig 1 A) and gll (Fig IB) represent non-
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glossy and strong glossy phenotypes, respectively. gll4 (Fig 1C) is given as an example of a 
weakly expressed glossy mutant. 
gl27. Two alleles of gl27 were identified. Allele N203C (isolated by Neuffer) was 
designated as the gl27-ref allele. Seedlings homozygous for gl27-ref exhibit good expression 
of the glossy phenotype but grow more slowly than their wild-type siblings and appear 
dwarfed at 10 days. Closer examination of the mutant seedlings reveals a necrotic lesion at 
the base of the first leaf that often results in lethality of the seedling (Fig. 1G). The glossy 
phenotype is more apparent on leaves two and higher. Mutant plants that survive to the adult 
stage vary from severely dwarfed to only slightly smaller than wild-type siblings. The gl27-
90-3222-39 allele appears to be a weak allele because plants homozygous for this allele have 
weak expression of the glossy phenotype, do not form the necrotic lesion, and are only 
slightly dwarfed. Plants with the genotype gl27-ref/gl27-90-3222-39 have a phenotype 
similar to that conditioned by homozygotes for gl27-ref The gl27 locus is located on 
chromosome 1. 
gl28. Five alleles of gl28 were identified. Seedlings homozygous for gl28 mutant 
alleles have fair expression of the glossy phenotype and have mild to weak adherence of the 
juvenile leaves (Figure 1H). Mutants have good viability and have little or no effect on the 
adult plant. Allele 94-1001-2745 was designated gl28-ref The phenotypes associated with 
the five gl28 alleles are indistinguishable. The gl28 locus is located on chromosome 10. 
gl29. The gl* 94-1001-1198 mutation was uncovered by TB-4Lf but was not allelic 
to either of the gl loci that are located on chromosome 4L (gl3 and gl4). This mutant 
therefore defines a new locus designated gl29 and represents the gl29-ref allele. Seedlings 
homozygous for gl29-ref exhibit fair expression of the glossy phenotype and are otherwise 
33 
normal. However, by day 14, gl29-ref seedlings begin to wilt and die within a few days. The 
lethality associated with the gl29-ref mutation, unlike several of the other gl mutants in 
which lethality is dependent upon growth conditions, appears to affect all mutant seedlings, 
even under conditions that allow for optimal growth of normal seedlings. An additional 
pleiotropic effect of mild adherence of the juvenile leaves becomes apparent in the B73 
introgressed stock that was not observed before introgression (Fig. II). 
gl30. The gl* 94-1001-2886 mutation complemented gll through gl29 and was 
therefore designated gl30-ref. Seedlings homozygous for gl30-ref have good expression of 
the glossy phenotype but also exhibit a virescent phenotype (Fig. I J). In addition to the 
above-ground phenotypes, lateral root growth of plants homozygous for gl30-ref appears 
severely delayed relative to wild-type seedlings and root tips turn brown and senesce 
concurrently with the seedling about 10 days after germination (Fig. 2). Root necrosis in 
gl30-ref affects postembryonic lateral root tips as well as embryonic primary and seminal 
root tips. Images taken with a confocal microscope reveal that cortical cell elongation in the 
lateral roots appears normal (Fig. 3). This indicates that the shortness of the lateral roots is 
not due to defects in cell elongation but instead likely results from a lack of cell division at 
the root tips. Root necrosis affects all root tips within a small developmental window about 
ten days after germination. Seedlings homozygous for the gl30-ref mutant often begin to 
darken to pale-green but, even so, eventually die, possibly as a consequence of the impaired 
root growth. The gl30 locus could not be placed on a chromosome using either the B-A 
translocation series or the wx translocation stocks. Because only one gl30 allele has been 
identified, it is possible the virescent and root phenotypes are caused by separate mutations. 
However, over 100 gl30-ref mutant seedlings were identified in F2 populations and all were 
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virescent and exhibited the root phenotype. In addition, neither the abnormal lateral root 
phenotype nor the virescent phenotype was observed in non-glossy siblings plants in these F2 
families. 
gl31. Two gl* alleles were uncovered by TB-1 La and failed to complement each 
other. Because there are no other gl loci on chromosome 1L, these alleles represent the gl31 
locus. The gl* AEW-A619-193 mutant was designated gl31-ref. Both alleles have strong 
expression of the glossy phenotype and have severe adherence of seedling leaves (Fig. IK). 
This adherence often results in lethality at the seedling stage but under ideal conditions, 
mutants can survive to maturity. Mature plants are smaller than normal, have delayed 
maturity, produce small ears, but produce viable pollen from non-dehiscent anthers. 
gl32. Two alleles, gl* 90-3121-Adl and gl* 92-1246-91, were uncovered by TB-
2L4464. These two alleles failed to complement each other, and because there are no other gl 
mutants on chromosome 2L, these alleles define the gl32 locus. Mutant gl* 90-3121-Adl 
was designated gl32-ref. Seedlings homozygous for gl32-ref exhibit fair expression of the 
glossy phenotype and have a variegated virescent phenotype (Fig. 1L), but unlike gl30-ref, 
have normal lateral root growth. The gl32-92-1246-91 mutant exhibits phenotypes similar to 
gl32-ref. 
gl33. The gl* 2:183-59 mutation complemented gll through gl32 and was therefore 
designated as the gl33-ref allele. Plants homozygous for g/Ji-re/have weak expression of 
the glossy phenotype, but the most obvious phenotype is that of a weak adherence of the first 
two leaves (Fig. 1M). The gl33 locus is located on chromosome 8. 
gl34. The gl* 2:26-42 mutation complemented gll through gl33 and was therefore 
designated as the gl34-ref allele. Allele gl* 87-2340 was found allelic to the gl34-ref allele. 
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Both gl34 mutant alleles have slightly curled leaves and have variable expression of 
prominent sectors of wax covering most of leaf one and along the mid vein of leaf two (Fig. 
IN). The glossy phenotype is therefore similar to gll 5 mutants that are glossy after the third 
leaf. The gl34 locus maps to chromosome 2. 
gl35. The gl* 94-1001-2335 mutation complemented gll through gl34 and was 
therefore designated as the gl35-ref allele. Plants homozygous for gl3 5-ref have strong 
expression of the glossy phenotype. An adherent phenotype similar to that associated with 
gl3I mutants is occasionally observed in seedlings homozygous for gl35-ref and appears to 
be exacerbated in the B73 genetic background (Fig. lO). Mature gl35-ref mutants are 
slightly smaller than their wild-type siblings and are completely male sterile. Dissection of 
anthers reveals that microsporogenesis appears normal until the young microspore stage, at 
which time the microspores collapse and degenerate (Fig. 4), ultimately resulting in anthers 
that are devoid of pollen. gl35 is the only gl mutant that has an observable affect on fertility. 
Cosegregation of the glossy phenotype and male sterility were observed in over 100 glossy 
plants identified from F2 families. 
Additional gl mutants 
Analysis of F2 progeny segregating for gl* 2:225-27 revealed a 1:3 segregation of 
wild-type to glossy seedlings. Analysis of F1 crosses between plants heterozygous for gl* 
2:225-27 and B73 revealed a 1:1 segregation of wild-type to mutant seedlings. These data 
indicate that gl* 2:225-27 behaves as a dominant mutant and, therefore, the mutant has been 
designated gl-Dom. This appears to be the first report of a dominant gl mutant in maize. 
Mutant seedlings have fair expression of the glossy phenotype but expression is not uniform 
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across the leaf. It is typically more pronounced near the base or middle of the leaf than at the 
tip (Fig. IP). The glossy portion of the leaf is often pale yellow. Leaves also have a heavily 
textured appearance. Crosses made between plants heterozygous for gl-Dom and stocks 
carrying each of the gl mutants through gl26 show expression of only the dominant glossy 
phenotype in seedlings of F1 progeny. Adult plants that carry the gl-Dom allele have pale 
yellow regions at the base of each adult leaf and typically have an additional narrow leaf 
phenotype. However, expression of the pale-yellow phenotype and the narrow leaf 
phenotype on adult leaves is highly variable and depends upon genetic background. 
gl* 94-1001-991 is allelic to ad2 
Allele gl* 94-1001-991 has weak expression of the glossy phenotype and has a weak 
adherent phenotype similar to that of gl33. However, unlike gl33, adult plants homozygous 
for gl* 94-1001-991 exhibit adherence of floral tissues in the ear and tassel. Thus, the adult 
phenotype of gl* 94-1001-991 is similar to that conditioned by ad2. Allelism tests between 
gl* 94-1001-991 and ad2 revealed that g/* 94-1001-991 is allelic to ad2. This allele has 
therefore been designated ad2 94-1001-991. Mapping experiments conducted with ad2 94-
1001-991 have established that the ad2 locus is uncovered by TB-7Lb. 
Glossy phenotypes have not previously been reported for any of the adherent mutants 
of maize (adl, ad2 and cr4), although altered epicuticular waxes have been reported for the 
adl mutant (Sinha and Lynch, 1998). To determine if mutations in these loci have additional 
weakly expressed glossy phenotypes (i.e. can bead water on the surface), families 
segregating for adl, ad2, cr4 and several of the gl mutants that express adherent phenotypes 
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were grown side-by-side in sand benches. At the seedling stage, mutants of adl, ad2 and cr4 
all express weak glossy phenotypes similar to ad2-94-1001-991 and gl33. 
Remaining#/* alleles 
Allelism tests were not completed on six of the gl* alleles. Analysis of three alleles: 
gl* 68-M1-28, gl* 94-1001-237, and gl* AEW-A632-311 could not be completed due to 
exceptionally weak expression of the glossy phenotype. Allelism tests have been partially 
completed on the three remaining alleles (gl* 92-1246-86, gl* 89-8103-23 and gl* 94-1001-
1301). The gl* 92-1246-86 allele conditions the same phenotype as does gl29-ref, fair glossy 
expression with mutants wilting by day 14, but preliminary results indicate that these two 
mutants complement each other, suggesting that they are not allelic. Allele gl* 94-1001-
1301 has a phenotype similar to gl27-ref, but preliminary results indicate the two are not 
allelic. Allele gl* 89-8103-23 has a phenotype consistent with a mutation at gl28, but 
allelism tests have not been performed. 
Pleiotropic effects associated with gl mutants 
While the phenotypes conditioned by mutations at several of the gl loci have the 
traditional g//-like phenotype (Fig IB), additional pleiotropic effects are not uncommon. 
The most common pleiotropic effect is adherence of the first few juvenile leaves. The degree 
of adherence varies greatly among the gl loci and in the case of gill (Fig ID), gl25 (Fig IE), 
and gl31 (Fig 1 ft) is often severe enough to cause lethality at the seedling stage. Plants 
homozygous for mutants at these loci can, however, survive under ideal growth conditions, 
such as in a greenhouse, to produce small, but viable adult plants. The gl28 and gl33 mutants 
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have less severe adherence and rarely result in lethality. This phenotype appears similar to 
the adherent phenotypes observed with the maize adl, ad2, and cr4 mutants. However, 
unlike these mutants, adherence associated with gl mutants is limited to juvenile leaves. 
Varying degrees of adherence are also associated with alleles of g!26, gl29-ref, and gl35-ref, 
but adherence in these mutants appears to be strongly influenced by genetic background. 
Another pleiotropic effect associated with mutations at the gll3 locus is the formation 
of necrotic lesions. Plants homozygous for either gll3-ref or gll3-19 (formerly gll9-ref, see 
Material and Methods) grow normally for about seven days at which time the leaves begin to 
turn necrotic and the seedling typically dies by ten days. The gll3-19 allele was thought to 
result in lethality at the seedling stage (Neuffer and Beckett, 1987; Schnable et al., 1994), but 
under ideal growth conditions, the necrotic gll 3-19 plants continue to grow slowly and by 
day 21 begin to produce adult leaves that lack necrotic lesions. Mature gll3-ref and gll3-19 
plants are severely stunted in growth but produce small ears and viable pollen from non-
dehiscent anthers. 
A single, small necrotic lesion consistently appears on the first leaf of gl26-ref and 
gl28-ref mutants (Fig. IF and H, respectively). Such lesions have no significant impact on 
the growth of the seedlings, and appear to either result from, or cause, the slight degree of 
adherence associated with leaf one and two in these mutants. 
Allelic variation and influences of genetic background 
For loci in which multiple alleles were isolated, the level of expression of the glossy 
phenotype was largely consistent among alleles. In most cases where allelic variation was 
observed, the variation was in the pleiotropic effects and not in the expression of the glossy 
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phenotype. For example, the seven gl26 alleles all have strong glossy expression but the 
adherent phenotype varies from non-adherent in g/26-AEW-A619-27, to slightly adherent in 
gl26-ref and strongly adherent in gl26-94-1581-23. However, because these alleles have not 
been backcrossed into B73, it is not yet possible to determine if this variation is due to allelic 
differences or genetic background. 
A backcrossing program has been conducted for multiple generations to introgress all 
of the gl-ref alleles into B73. This allowed for observations of background effects on each 
gl-ref and minimized the effects of genetic variability among the alleles used for both wax 
composition and gene expression experiments. The number of generations each gl-ref has 
been backcrossed to B73 is indicated in Table 1. Most of the previously defined gl-ref alleles 
have been backcrossed to B73 at least eight times, while the newly identified gl-ref alleles 
have only been crosses to B73 a few generations. The glossy phenotype associated with 
most of the gl-ref alleles did not change during backcrossing. However, three alleles: gll 1-
ref, gl29-ref and gl35-ref displayed an additional adherent phenotype in the B73 genetic 
background that was not observed prior to introgression into B73. This is most obvious for 
the glll-ref allele. Homozygous mutants of the gll 1-ref allele are g//-like in appearance in 
some genetic backgrounds but the same allele has a severely adherent phenotype (Fig. ID) 
when introgressed into the inbred line B73. Although gl29-ref and gl35-ref have only been 
backcrossed three and one time(s), respectively, the frequency of gl seedlings in F2 families 
that also exhibit adherence appears to be increasing as they are introgressed into B73. Unlike 
glll-ref, the adherence of the gl25-ref and gl28-ref alleles does not appear to be exacerbated 
by the B73 genetic background. 
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The gi8-ref appears to be an epiallele 
The expression of the glossy phenotype of gl8-ref changed dramatically following its 
introgression into B73. The gl8-ref stock obtained from Don Robertson has strong 
expression of the glossy phenotype. After introgression into B73, however, the phenotype 
associated with g/S-re/becomes increasingly weak to the point where mutants are nearly 
indistinguishable from wild-type seedlings. Crosses between non-introgressed and 
introgressed gl8-ref stocks produce seedlings with the strong glossy phenotype. Such 
behavior of the gl8-ref allele is consistent with g/8-re/being an epiallele. Additional support 
for this hypothesis comes from sequence analysis of the gl8-ref allele. No sequence 
polymorphisms exist between the gl8-ref and the wild-type B73-G18 alleles in a 3.8 kb 
interval that includes the entire gl8 coding region (Dietrich et al., 2002). RNA-gel blot 
analysis on non-introgressed versus introgressed stocks of gl8-ref reveal that although gl8 
transcript accumulated to only low levels in the non-introgressed stock, it accumulates to 
near-normal levels in the introgressed stock (Fig. 5). To avoid complications due to the 
variable expression of the gl8-ref allele, a second gl8 allele (gl8-Mu 77-3134), that contains a 
Mu insertion in the coding region (Dietrich et al., 2002) was also introgressed into B73 and 
was used for the wax characterization and RNA gel blot experiments described below. 
SEM analyses of B73 and gl mutants 
Scanning electron microscopy (SEM) was used to observe epicuticular waxes present 
on juvenile maize leaves from nonmutant (Fig, 6A and 7A) and mutant seedlings (Fig. 6B-P 
and 7B-P). SEM images from nonmutant juvenile leaves reveal a dense load of epicuticular 
wax crystals covering the outer leaf surface. SEM images from gl mutants with strong glossy 
41 
expression, such as gll (Fig. 6B and 7B), are nearly devoid of epicuticular wax crystals. 
SEMs of gll, gl2, gl3, gl4, gl5/20, gl6, gl7, gl8, gll 4, gll 5, gll 8, gl21/22 and gl26 have been 
reported previously (Lorenzoni and Salamini, 1975; Beattie and Marcell, unpublished data). 
SEMs from the remaining gl loci, including the nine newly identified gl loci and the 
dominant gl allele are presented here (Fig. 6 C-P and 7 C-P). Each gl mutant conditions a 
significant reduction in the number of epicuticular wax crystals that accumulate. The 
reduction in epicuticular wax crystals is roughly correlated with the severity of the glossy 
phenotype. For example, gll 1 -ref gl31-ref and gl35-ref condition strong glossy phenotypes 
and seedlings homozygous for these mutants are nearly devoid of epicuticular wax crystals, 
while seedlings homozygous for the gl28 and gl33 mutants that exhibit fair or weak 
expression of the glossy phenotype, respectively, have larger numbers of epicuticular wax 
crystals. 
Compositional analysis of cuticular waxes 
The composition of cuticular waxes that accumulate on each of the 27 gl mutants and 
B73 were determined by chloroform extraction of waxes from seedling leaves followed by 
separation of the wax components by gas chromatography (GC) and identification by mass 
spectroscopy (MS). The primary components of B73 cuticular waxes are C32 1° alcohols 
and C32 aldehydes (Table II, Figs 8 and 9). This is consistent with previous 
characterizations of maize juvenile cuticular waxes (Bianchi et al., 1985). The gl mutants 
can be grouped into two classes. Class I mutants have wax compositions similar to B73, i.e., 
are composed primarily of 32C 1° alcohols and 32C aldehydes. Class II mutants, in contrast, 
do not accumulate significant amounts of alcohols. The Class II mutants can be divided into 
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two subclasses: IIA and IIB based on the presence (IIA) or absence (IIB) of aldehydes. Most 
of the Class IIA mutants accumulate C30 aldehydes instead of the C32 aldehydes that are 
present in juvenile waxes extracted from B73 (Fig. 9). However, the Class IIA mutants gl25 
and gl33 accumulate C32 aldehydes but do not accumulate C32 alcohols. Class IIB mutants 
do not accumulate significant amounts of any of the wax components (Table II). Because 
esters, alkanes, ketones, and free fatty acids are present in only small amounts in B73 and 
each of the gl mutants, a detailed analysis of their chain lengths will not be presented here. 
Total wax load was also calculated from summing the ug/g dry tissue for each of the 
wax components (Table II). These data indicate the wax load for many of the gl mutants is 
higher than that of the inbred B73. Although, the gl mutants are often presumed to have 
reduced amounts of cuticular waxes based on SEM images that reveal reduced amounts of 
epicuticular waxes, a reduction in epicuticular waxes does not necessarily, and in most cases 
does not, correlate with a reduction in total cuticular wax load. This is because epicuticular 
waxes represent only a small percentage of the total cuticular waxes and changes in the 
composition of the waxes can inhibit epicuticular wax formation without resulting in 
reductions in the amount of total wax present. 
Accumulation of gl2 and gl8 mRNAs in each of the gl mutants 
RNA isolated from each of the 27 B73 introgressed gl mutants (gll - gl35 plus gl-
Dom) and wild-type (B73) seedlings was subjected to gel blot analysis to determine the 
expression of gl2 and gl8 in each of the mutant backgrounds. The accumulation of gl2 
transcripts is similar to B73 in each of the mutant stocks except in gl2-ref which lacks 
expression (Fig. 10A). The expression of gl8 is similar to B73 in all mutants except in gl8 
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and gl32 mutant seedlings, in which expression is significantly reduced (Fig. 10B). The 
identification of a duplicate gl8 gene that is expressed at a low level in juvenile leaves 
(Dietrich et al., manuscript in preparation) likely accounts for the observed expression in the 
gl8 mutant. However, the reduced expression of gl8 in the gl32 mutant suggests an 
interaction between the gl8 and gl32. Hybridization of a replicated RNA-gel blot with 
GAPDH was used to confirm RNA loading was approximately equal in all samples (Fig. 
IOC). The observation that gl2 and gl8 transcript levels are not altered in gl mutants 
suggesting a lack of interaction of at least gl2 and gl8 with the other gl genes (with the 
exception of a possible interaction between gl8 and gl32). 
DISCUSSION 
A mutagenesis experiment has resulted in the identification of nine new recessive gl 
loci, bringing the total number of gl loci identified in maize to 28. In addition, it has been 
found that three other loci (adI, ad2, and cr4) exhibit weak glossy phenotypes. The facts 
that the vast majority (159/186) of the gl* alleles are alleles of previously defined gl loci, and 
that multiple alleles of most of the newly identified gl loci that were isolated suggests that 
most, if not all, of the loci that can be recovered from this phenotypic screen have now been 
recovered. 
Complete saturation of this pathway with mutations is complicated by two factors: 1) 
it is difficult to identify mutants that condition weak glossy expression; and 2) pleiotropic 
effects associated with several of the gl loci make it difficult to propagate and maintain 
alleles of those loci. The difficulty in identifying weakly expressed gl alleles, combined with 
the ease of identifying mutants with strong glossy expression, may have contributed to the 
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significant bias in the initial collection of gl* alleles toward strongly expressed gl alleles. For 
example, while 35 gll alleles were recovered, only four gll4 alleles were recovered. This is 
consistent with the observation that gll and gll 4 mutants condition strong and weak glossy 
phenotypes, respectively. In contrast, although gl31 has a pronounced glossy phenotype, 
only two gl31 alleles were isolated. This is likely a result of the lethality associated with the 
adherent phenotype of gl3l. The results of this study suggest that although maize is now 
likely saturated for gl loci that condition strong expression of the glossy phenotype and do 
not exhibit strong negative pleiotropic effects, it is possible that more gl loci exist that 
condition only weak expression of the glossy phenotype or that have strong negative 
pleiotropic effects. 
The glossy phenotype first associated with a mutation at the gll locus is a reduction 
in the amount of epicuticular wax present on the juvenile leaves resulting in a glossy seedling 
that is otherwise morphologically normal. Under normal growth conditions, gll mutants 
develop normally and have no noticeable effects on plant growth or fertility other than 
alterations if the waxes on seedling leaves. Similar phenotypes were also observed for 
mutants in each of the next seven gl loci that were defined. This suggested that under normal 
conditions epicuticular waxes are not essential for maize development. However, many 
(13/26) of the gl loci that have now been defined condition additional pleiotropic effects. 
These phenotypes include twisting and adherence of seedling leaves, necrotic lesions, 
chlorosis, and male sterility. Such phenotypes would not be expected to result from a simple 
loss of epicuticular waxes because mutants, such as gll, that are nearly devoid of epicuticular 
waxes do not condition these pleiotropic effects. The wide range of pleiotropic effects. 
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suggests that many of the genes involved in epicuticular wax accumulation have additional 
roles in development. 
Only four of the gl genes (gll, gl2, gl8 and gll5) have been cloned. Of these, the 
proteins encoded by gll (Hansen et al., 1997) and gl2 (Tacke et al., 1995) are both novel 
proteins with functions that have not been established. In contrast, the proteins encoded by 
gl8 and gll5 have similarities to proteins of known functions (Xu et al., 2002; Moose and 
Sisco, 1994). The gll5 gene is similar to the Arabidopsis transcription regulator APETALA-2 
and therefore gll5 is predicted to encode a transcription regulator (Moose and Sisco, 1994). 
Mutations in gll 5 result in premature transition of juvenile leaves to adult leaves. Because, 
adult maize leaves accumulate little epicuticular wax, the phenotype associated with gll5 
mutants is a late onset of the glossy phenotype, i.e., leaves one and two appear normal but 
leaves three and higher appear glossy. The g/8-encoded protein has similarity to a class of 
keto reductases and was therefore hypothesized to encode the P-ketoacyl reductase 
component of fatty acid elongase that generates the VLCFA precursors of cuticular waxes 
(Xu et al., 1997). Additional studies have supported this predicted role for GL8 (Xu et al., 
2002). 
Mutations such as gl8 that result in a block the biosynthesis of VLCF would be 
expected to result in glossy phenotypes. However, glossy phenotypes may not necessarily 
result from blocks in VLCFA biosynthesis but instead may result from loss of regulation of 
the pathway as was observed in transgenic plants constitutively expressing FAE1 (Millar et 
al., 1998/ FAEl is a seed-specific condensing enzyme normally involved in the production 
of VLCFA used in storage lipids (James et al., 1995). When FAEl is constitutively 
expressed, VLCF As accumulate throughout the plant causing significant changes to plasma 
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membrane compositions resulting in dramatic alteration in plant morphology that include 
stunted growth, dark green, rumpled, curled leaves, and reduced amounts of cuticular wax on 
stems (Millar et al., 1998). In certain genetic backgrounds (i.e. B73) gll 1, gl26, gl3l and 
gl35 have similar phenotypes that include dark green, severely twisted, adherent juvenile 
leaves. Such mutant plants are typically lethal but occasionally survive to produce adult 
plants that are severely stunted in growth. Hence, it is possible that the pleiotropic effects 
associated with mutants at the gill, gl26, gl31, and gl35 may not result from a block in 
cuticular wax biosynthesis but instead result from a loss of regulation of VLCFA 
biosynthesis that normally restricts VLFCA biosynthesis to epidermal cells, although the wax 
composition of at least gl35-ref suggests a block in elongation. 
A deficiency in the Arabidopsis MODI gene, which encodes the enoyl-ACP 
reductase (ENR) of fatty acid synthase, has also been shown to cause altered plant 
morphology (Mou et al., 2000). In plants, fatty acid synthase is a dissociable multisubunit 
complex that exists in the plastids and is responsible for de novo fatty acid biosynthesis of 
C16 and C18 fatty acids (Ohlrogge and Jaworski, 1997). With the exception of the modi 
mutant, no other plant or animal mutants deficient in fatty acid synthesis prior to the 
production of C16 fatty acids have been isolated (Slabas and Fawcett 1992; Ohlrogge and 
Browse, 1995), as might be expected due to the essential nature of fatty acids for all living 
cells. The modi mutation is a single amino acid substitution that results in a substantial, but 
not complete, reduction in enoyl-ACP reductase (ENR) activity (Mou et al., 2000). The 
modi phenotype consists of curly leaves, chlorotic patches, early senescence of primary 
inflorescence, distorted siliques, reduced fertility, and semidwarfism. Mutations in enzymes 
involved in de novo fatty acid biosynthesis would in all likelihood result in lethality very 
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early in development, but duplicate genes with partially redundant functions or leaky alleles 
may be able to explain the necrotic phenotypes observed in gll 3 or the chlorotic phenotypes 
associated with gl30 and gl32. 
The gl30 locus is another example of a gene that may have functions in development 
beyond the accumulation of epicuticular waxes. In addition to a loss of epicuticular waxes, 
gl30 mutants show a root-specific phenotype that appears to result from the senescence of the 
root tips at the meristematic regions. This may indicate that some precursors of wax 
pathways are involved in root formation. Interestingly, the onset of root necrosis does not 
occur at a defined developmental stage relative to root development but occurs at a stage 
relative to the seedling's development. For example, at the time the root phenotype appears, 
the primary root have already begun to differentiate root hairs while younger lateral roots 
have only just begun to emerge from the primary root. Only two types of root mutants that 
show some similarities to the gl30 root phenotype have been discovered to date in maize. 
The lateral root elongation mutants sir I and sir2 (Hochholdinger et al., 2001) show short 
lateral roots comparable to the gl30 mutant However, in these mutants the short lateral roots 
results as a consequence of reduced elongation of the cortical cells. Cell division appears to 
be normal in gl30 mutants. The only necrotic root mutant described to date in maize is brtl 
(Hochholdinger and Feix, 1998). Nevertheless, whereas in gl30 the necrosis is restricted to 
the root tips, brtl shows a general necrosis, which is located along the vascular systems of 
the various root types. Therefore the root phenotype associated with gl30 does not 
correspond to the phenotype of any previously isolated root mutants and might therefore 
involve a novel aspect of root development 
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gl35-ref is the first maize cuticular wax mutant known to affect fertility. In contrast 
mutants in several cuticular wax loci from Arabidopsis, including CER1, CER3 and CER6 
display reduced male fertility (Koomneef et al., 1989). In these mutants, pollen grains form 
but fail to hydrate on the stigma under dry conditions. At least two of these mutants, CER1 
and CER6, appear to have defects in the accumulation of in tryphine lipids (Hulskamp et al., 
1995). The maize gl35-ref allele, in contrast, results in plants that completely lack pollen 
grains. The timing of the degeneration of microspores in gl35 mutants coincides with the 
timing of the production of the exine layer (Skvarla and Larson 1966). Thus, gl35 appears to 
be more similar to the male sterile mutants ms2, ms9 and msl2 in Arabidopsis that are 
deficient in formation of the exine (Aarts et al., 1997; Taylor et al., 1998). The ms2 gene 
encodes a protein similar to a jojoba protein that convert fatty acids to fatty alcohols (Aarts et 
al., 1997). The wax composition of gl35 seedling is unique relative to all other gl loci in that 
aldehydes accumulate as C18 instead of the typical C32 aldehydes and essentially no 
cuticular wax components longer than C18 accumulate. The gl35-ref mutation therefore 
appears to block all pathways of fatty acid elongation in cuticular waxes and may have 
similar effects on the biosynthesis of one or more components of the exine layer. 
The adherent phenotype associated with several of the gl mutants is one that may not 
be unexpected because the lipid content of the cuticle has been demonstrated to be important 
in interactions between different epidermal layers. For example, the Arabidopsis 
FIDDLEHEAD gene encodes a protein related to {3-ketoacyl synthase (Yephremov et al., 
1999; Pruitt et al., 2000), one of the primary enzymes involved in generation of the VLCFAs 
that serves as precursors for cuticular waxes biosynthesis. A mutation in the FIDDLEHEAD 
gene is believed to allow ectopic epidermal fusion to occur as a result of increased 
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permeability of the cuticle to developmental signals required for organ fusion (Lolle et al., 
1997, Pruitt et al., 2000). Eight additional Arabidopsis mutants have been described as 
having organ fusion phenotypes (Lolle et al., 1998). Several maize mutants (adI, ad2, and 
cr4) have been described that condition ectopic adhesion of organs. These mutants have 
altered epicuticular waxes and, at the seedling stage, appear strikingly similar to gl33 at a 
similar stage. Ultrastructural analysis performed on the ad I (Sinha and Lynch, 1998) and cr4 
mutants (Becraft et al., 1996) reveals that the epidermal cells of cr4 are irregular in shape and 
are occasionally present in more than one cell layer while the epidermal layer of ad I mutants 
is close to normal and is primarily characterized by altered epicuticular wax deposition and 
the presence of anomalous compounds in the cell walls. Despite these differences, adherence 
in both mutants occurs between the epidermal cells and does not affect internal tissue 
organization. Another mutation initially identified by Schnable et al. (1994) from this 
collection of gl* alleles and has since been characterized as the xcl mutation by the Neelima 
Sinha Laboratory (University of California, Davis, CA) was found to have several layers of 
epidermal-like cells (Sharon Kessler, personal communication), although adherence is not 
associated with this mutant. Of these additional maize loci that have altered epicuticular 
waxes, only cr4 has been cloned. The cr4 gene encodes a protein with similarities to a class 
of transmembrane receptor kinases that may be involved in epidermal differentiation (Becraft 
et al., 1996). Hence, mutants with reduced levels of epicuticular waxes are not necessarily 
associated with genes that are directly involved in wax biosynthesis. 
Previous attempts have been made to classify the different types of epicuticular wax 
structures observed under SEM (Lorenzoni and Salamini 1975; Barthlott et al., 1998). For 
example, these crystals have been classified as semicircular platelets, crenated platelets, 
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membraneous platelets, rodlets, and rods. While such characterizations may provide useful 
information relative to the topography of the leaf surface, we have found that the 
identification and classification of wax structures is, to some extent, subjective, and can vary 
across the surface of an individual leaf. Hence, a detailed description of wax structures 
present on the newly identified gl mutants will not be presented here. However, two general 
conclusions from SEMs performed on gl mutants can be drawn. The first is that the amount 
of epicuticular wax crystals present is inversely related to the level of expression of the 
visible glossy phenotype and, in general, the less epicuticular wax present on the leaf surface, 
the more amorphous that wax appears. 
Chemical analysis of cuticular wax extracts allowed the gl mutants to be placed into 
two classes based on the presence or absence of alcohols in the wax. Class I gl mutants 
accumulate significant amount of alcohols and aldehydes. Thus, these gl mutants have wax 
compositions similar to normal maize seedling leaf wax. The presence of alcohols suggests 
that the acyl reduction pathway is functioning at least at some level. Class II mutants do not 
accumulate alcohols suggesting that these mutants are defective in the acyl-reduction 
pathway. In the acyl-reduction pathway, alcohols are synthesized from aldehydes by an acyl 
reduction (Post-Beittenmiller, 1996). The enzymes needed to convert aldehydes to alcohols 
appear to have an absolute specificity for C32 aldehydes because shorter chain alcohols are 
not observed. The accumulation of C30 aldehydes and the absence of alcohols in several of 
the Class IIA mutants further demonstrates the specificity of the aldehyde reduction step. 
The Class HA mutants gl25 and gl33 accumulate C32 aldehydes without accumulating C32 
alcohols. This suggests that they may be specifically involved in the generation of alcohols 
from C32 aldehydes. The gl35 mutant accumulates C18 aldehydes but not C32 aldehydes, 
51 
and like other mutants that lack C32 aldehydes, there is no alcohol accumulation. In 
addition, acyl chains longer than CI 8 are not present in any of the wax components that 
accumulate in this mutant, suggesting a complete block of all elongation pathways. This is 
the only mutant from maize that appears to have such global affects on elongation. 
Only small amounts of ester, alkanes, ketones and free fatty acids are found in maize 
juvenile leaf wax and although the gl mutants have altered compositions of these 
components, no obvious conclusions can be drawn based on these compositional changes. 
The effects of the gl mutants on these wax components may be more appropriately addressed 
in wax extracted from organs other than juvenile leaves. For example, the affects of the gl 
mutants on ester productions may be better addressed by characterization of adult leaf waxes 
which normally contain larger amounts (42 %) of esters (Bianchi et al., 1989). Similarly, 
alkanes are the primary component of cuticular wax from silk (Yang et al., 1992), and thus 
the effects of gl mutants on alkanes, and other products from the decarbonylation pathway, 
may be more apparent in silk cuticular wax. 
Compositional data from juvenile leaf wax from the gl mutants can be interpreted to 
provide support for the existence of multiple pathways leading to the production of cuticular 
waxes. For example, many of the Class 2A mutations block accumulation of elongated 
alcohols but in many cases have alkanes and esters that have been elongated to the chain 
lengths found in normal wax. 
Biochemical fractionations of microsomal extracts form leek and maize also suggest 
the presence of multiple fatty acid elongase complexes (Kolattukudy, 1996). However, the 
genetics behind these elongase complexes has not been elucidated. Speculation of the 
molecular functions of the gl genes based on chemical composition of wax components has 
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thus far not accurately predicted the functions of gl genes that have been cloned. Many of 
these predictions were based on the assumption that each gl gene was directly involved in 
either the production or modification of VLFCAs when, in fact, of the four cloned gl genes, 
only gl8 appears to be directly involved in elongation. 
Interpretations based on wax composition may be further complicated if the genes 
involved in fatty acids elongation are present as gene families with partially overlapping 
function. If this is the case, it is possible that mutations in these genes may not result in gl 
phenotypes. Arabidopsis appears to have several condensing enzymes with at least partially 
overlapping function (Todd et al., 1999; Millar et al., 1999). In maize, more than a dozen 
homologs to the Arabidopsis condensing enzymes have been identified and genetically 
mapped (Dietrich et al., unpublished data) and the maize genome contains at least two genes 
that encode P-ketoacyl reductase (Dietrich et al., 2002). 
MATERIALS AND METHODS 
Scoring glossy phenotypes 
The glossy phenotypes are associated solely with juvenile leaves, which display a 
shiny appearance that sharply contrasts the dull appearance of normal juvenile leaf surfaces. 
Glossy mutants have traditionally been described by the level of expression of this glossy 
phenotype, which ranges from weak to strong. Mutations that condition strong glossy 
phenotypes, such as gll, have visibly shiny leaf surfaces and therefore can readily be 
identified. Mutants with weak expression of the glossy phenotype, however, are more 
difficult to identify because their leaf surfaces appear near-normal to the unaided eye. Such 
mutants can be more readily identified by spraying water on the leaf surface. The presence 
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of epicuticular waxes causes water to be repelled from the surfaces of normal seedling leaves 
while water droplets accumulate on the leaf surfaces of gl mutants (Coe and Neuffer, 1977; 
Bianchi, 1978; Bianchi et al., 1985). This water beading phenotype was the basis for 
identifying the gl mutants included in this study. Hence, not all the recovered mutants 
condition a pronounced visible glossy phenotype. 
Existing gl loci 
The most recent description of gl loci included gll, g!2, gl3, gl4, gl5, gl6, gl8, gill, 
gll4, gll5, gll 7, gll8, gll9, gl20, gl2l, gl22, gl25, and gl26 (Schnable et al., 1994). This list 
includes two duplicate gene pairs: gl5, gl20 and gl21, gl22, i.e., mutant phenotypes are 
observed only when both members of a gene pair are homozygous mutant. The list of gl loci 
is not continuous from gll to gl26 because several of the gl loci were previously improperly 
cataloged. For example, the gllO, gll2, and gll6 loci, which were originally designated as 
novel gl loci (Spraque, 1937), were later found to be allelic to gl8, gl7 and gl4, respectively 
(reviewed by Schnable et al., 1994). The gl23 locus, originally reported by Sprague (1990), 
was determined to be an allele of gll 8 (Schnable et al., 1994) and the gl24 locus, originally 
described as a duplicate gene for gll 4 (Sprague 1990), was later determined not to represent 
a novel gene (Schnable et al., 1994). 
The three remaining loci, gl7 (Emerson et al., 1935), gl9 (Emerson et al., 1935), and 
gll3 (Anderson, 1955) were not analyzed by Schnable et al. (1994) because appropriate seed 
stocks could not be located at that time. More recently, stocks thought to carry a mutant 
allele of gl7 were located by Philip Stinard from the Maize Genetics Coop. It had been 
reported that g/7 is located on chromosome 4S (Stinard, 1997), and that chromosome arm 
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does not contain any previously reported gl genes except gl5. Allelism test (Emerson et al., 
1935) and mapping data (Stinard, 1998, 1999) indicated gl7 and gl5 do not represent the 
same genetic locus. The putative gl7 stocks 41 IF (Schnable Ac 1053, Ac 1054, and Ac 1055) 
and 419E (Schnable Ac 1056 and Ac 1098) were crossed by TB-4Sa to confirm the presence 
of a mutation on the short arm of chromosome 4. While both stocks contain g/7, Coop stock 
419E was also found to segregate for an allele of gll. The gl7 allele from stock 41 IF was 
designated gl7-refîox this study. In both gl7 stocks, gl7 is in coupling with a mutant allele of 
v/ 7. Attempts by the Schnable laboratory and by Stinard (1998) have not been successful in 
isolating a crossover between gl7 and vl 7, although they appear to be distinct loci because 
non-virescent g/7 alleles have been previously reported (Emerson 1935; Bianchi 1978) but 
those alleles have not been located (Philip Stinard, personal communication). 
Attempts to locate a mutant allele of g/9, described by Coe (1993) as having weak 
glossy expression have proven unsuccessful. All putative g/9 stocks tested by Schnable et al. 
(1994), and additional putative gl9 stocks obtained from the Maize Genetics Coop for this 
study (Sprague 93-3382-3; Schnable Ac 1097), (Sprague 93-4439-3; Schnable Ac 1099) and 
(Coop stock PI267203; Schnable Acl 197-1199) have strong expression of the glossy 
phenotype and have been found to be allelic to gl6. 
The Maize Genetics Coop also located a stock (U440B; Schnable Ac1200-1205) 
containing gll3. B-A translocation mapping experiments performed by the Schnable 
Laboratory placed gll3 on chromosome 3S. Allelism tests performed between gll3 and gll9 
revealed the two are allelic, a finding independently established by Philip Stinard (personal 
communication). Consistent with precedence, the gll9-ref allele has now been renamed 
55 
gll 3-19. Hence, the collection of gl loci prior to this study consisted of 17 gl stocks 
representing 19 gl loci (Table I). 
Chromosome locations for existing gl loci 
With the exception of gl20, gl22, and gl26, the chromosome locations of all gl loci 
have been reported previously (Table I and reviewed by Schnable et al., 1994). While the 
locations of gl20 and gl22 remain to be determined, analysis of F2 progeny from crosses of 
gl26 with the wx translocation stock 8-9d revealed that gl26 is located on chromosome 8. 
The location of the gl26 locus is further defined by the failure of gl26-ref to be uncovered by 
the B-A translocation stock TB-8Lc. 
Collection of gl* alleles 
Methods for the isolation of A/uto/or-induced gl alleles have been described 
previously (Schnable et al., 1994). A total of 51 random tagged A/utator-induced gl alleles 
are included in this study. These include mutants isolated by the Schnable Laboratory in 
addition to alleles provided by Steve Briggs, Don Robertson, and Bill Cook (see Appendix). 
Twenty-nine of these mutants were described previously by Schnable et al. (1994). 
EMS-induced gl alleles were obtained from several sources. Ml seed generated from 
EMS-treated A632 pollen (Schnable Lab Acl 195) was obtained from Gerald Neuffer. The 
Ml progeny were self-pollinated to produce 3877 M2 families. Approximately 25 seedlings 
from each M2 family were screened for gl mutants. Thirty-two gl alleles were identified 
from this population (designated GN-A632). Two alleles were recovered from a population 
(designated GN2-A632) consisting of an additional 575 A632-M2 families obtained from 
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Gerald Neuffer (Schnable lab Ac 1182). M2 seed was also screened for gl mutants. A screen 
of 410 A619-M2 and 836 A632-M2 families provided by Allan Wright and designated AW-
A619 and AW-A632, resulted in the recovery of three and five alleles, respectfully. Twenty-
two alleles were recovered from a screen of 2814 M3 families provided by Allan Wright, 
designated AW-Mol7, from an EMS treatment of Mo 17 pollen. Twenty-five EMS-induced 
gl alleles were also obtained directly from Gerald Neuffer. Fourteen of these alleles were 
previously characterized by Schnable et al. (1994). Two alleles were obtained from Don 
Auger of the Bill Sheridan Laboratory and an additional 44 uncharacterized gl alleles were 
provided by Philip Stinard from the Maize Coop stocks (USDA/University of Illinois). 
Hence, the collection of gl alleles analyzed included 186 alleles. The Appendix lists each 
allele, its source, and the allelic status. 
Preparation of gl* stocks for complementation tests 
F2 families segregating for each of the gl* mutants were grown in the genetic nursery 
and glossy seedlings identified. These glossy plants were self-pollinated and outcrossed to 
wild-type stocks to generate heterozygous seed that could be used for allelism tests. In those 
F2 families in which glossy seedlings did not survive to maturity, wild-type sibling plants 
were self-pollinated and outcrossed to wild-type stocks. In all cases self-pollinated progeny 
were grown in sand benches to confirm field scoring, or to identify which wild-type siblings 
carried a gl allele. Outcrossed seed stocks that were either confirmed hétérozygotes or that 
segregated 1:1 for the mutant gl allele were then used for the allelism tests. Outcrossed seed 
was preferred to homozygous or F2 seed for this purpose because the resulting plants are 
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more uniform within and across the mutant lines which makes it easier to conduct the 
allelism tests. 
Genetic stocks 
Stocks carrying the reference allele (gl-rej) for the gll, gl2, gl3, gl4, gl5, gl6, gl8 
gll 1, gll 4, gll5, gll 7, gll8, gll 9, gl21, gl22, gl25, and gl26 loci are as described by 
Schnable et al., (1994). B-A translocation stocks for TB-lLa, TB-lSb, TB-2L4464, TB-
2S6270, TB-3La, TB-3Sb, TB-4L6222, TB-4Sa, TB-5La, TB-5S8041, TB-6Lc, TB-6Sa, TB-
7Lb, TB-7Sc, TB-8Lc, TB-9Lc, TB-9Sb, TB-10L19, and TB-10Sc were originally obtained 
from Don Robertson (Iowa State University) and maintained as described by Schnable et al. 
(1994). Crosses between the gl* mutants and the B-A stocks were performed as described by 
Beckett (1978). Loci that are located at chromosomal positions that are proximal to the 
translocation breakpoints of the individual B-A translocation stocks can not be mapped using 
the B-A translocation stocks. Such loci were mapped using wx translocation stocks as 
described by Anderson (1943) and Bumham (1982). The wx translocation stocks l-9gg,g, 2-
9d, 3-9c, 4-9e, 5-9a, 6-9b, 7-94363, 8-9d, and 9-10b were obtained from Don Robertson. 
RNA isolation and gel blotting 
RNA was isolated using a scaied-up version of the TRIzol RNA Isolation Method 
(http://afgc.standford.edu/afgc html/site2Rna.htm#isolation). Briefly, above-ground 
portions of glossy seedlings were harvested seven days after planting and frozen in liquid N%. 
Four grams of frozen tissue were pulverized and 50 ml TRIzol reagent (38% phenol, 0.8 M 
guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1 M sodium acetate, pH 5, 5% 
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glycerol) was added and allowed to warm to room temperature (RT). Samples were then 
heated to 60°C for 5 min before centrifugation at 12,000g for 10 min. Supernatants were 
mixed with 12 ml chloroform, shaken for 15 sec, and allowed to sit at RT for 5 min before 
being centrifuged at 10,000g for 10 min. The aqueous phase from each tube was mixed with 
1/2 volume isopropanol and 1/2 volume 0.8 M sodium citrate/1.2 M NaCl. Samples were 
mixed by inverting several times and allowed to sit at RT for 10 min before centrifugation at 
10,000g for 10 min at 4°C. The RNA pellet was washed with 75% ethanol and air-dried for 1 
min. RNA was resuspended in 500 ul diethyl pyrocarbonate (DEPC) treated H2O by 
incubating at 60°C for 10 min. RNA was quantified using a SpectraMax Plus plate reader 
(Molecular Devices, Sunnyvale CA). 
Total RNA (15 ug/sample) was electrophoresed on a 1.25% formaldehyde gel and 
transferred to GeneScreen nylon membrane (Dupont, Boston MS). Hybridization with a32P-
dCTP labeled probes was conducted as described by the manufacturer. Templates for 
labeling reactions were obtained by PGR amplification from plasmid DNA as follows: a 600-
bp fragment containing exon one of gl2 (Genbank X88779) was amplified with primers gl2-3 
(5' AGA GCA GCG GCG AGA AGA AG 3') and gl2-5 (5' ACG AGC CAC CAC CAT 
TAC CC 3') from the g/2 genomic clone pgl2-67(+). Clone pgl2-67(+) contains the 5.7-kb 
g/2-hybridizing Xbal fragment from the lambda clone XI287-67 that was isolated from a B73 
genomic library constructed in XDash II (Stratagene, La Jolla, CA) by John Tossberg 
(Pioneer Hi-Bred International, Johnston LA) cloned into pBSK. A 500-bp fragment of gl8 
was obtained by amplifying the gl8 cDNA clone, pgl8 (Genbank U89509), with primers 
gab457 (5' GGT GGA CGA GGA GCT GAT G 3') and g24he.p5 (3' CCT TCT TCT TGG 
CGT CCT TG 3'). A 580-bp fragment of the GAPDH gene was amplified from pGAPDH 
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with primers gapdh-5 (5' CCT TCA TCA CCA CGG ACT AC 3') and gapdh-3 (5' COG 
AAG GAC ATA CCA GTG AG 3'). 
Microscopy 
Scanning electron microscopy was performed at the Iowa State University Bessey 
Microscopy Facility on the adaxial surface of the second leaf from 10-day-old seedlings. 
Freshly harvested samples were coated with a 60/40 palladium/gold alloy using a Denton 
Vacuum Desk II LC sputter/etch unit (Moorestown, NJ) and analyzed with a Joel scanning 
electron microscope (model 5800 LV, Kokyo, Japan). Confocal laser scanning microscopy 
(CLSM) (Hepler and Gunning, 1998) of living propidium iodide stained 10-day-old maize 
lateral roots was performed at the Iowa State University Veterinary Medicine Confocal 
Microscopy Facility with a Leica TCS NT confocal microscope system employing a 
rhodamine filter and a HeNe laser with an excitation wavelength of 543 nm. Free-hand 
sections of intact maize primary roots from which lateral roots had already emerged were 
stained with the fluorophore propidium iodide (5 gg mL*1) in 5 mM potassium phosphate 
buffer for 30 min (Oparka and Read, 1994), washed three times with distilled water and 
mounted in 75% (v/v) glycerol. Lateral roots were then analyzed at different magnifications 
and obtained images were processed by the ISU Image Analysis Facility. 
Wax extraction/GC/MS 
Cuticular wax was extracted from the above-ground portion of 9-10 days old maize 
seedlings by immersion in HPLC-grade chloroform for 60 sec. The chloroform extract was 
filtered through glass wool and reduced to dryness using a rota vapor (BUhi RE 111). Dried 
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wax was then dissolved in chloroform and subjected to GC-MS chromatographic analysis 
using a 6890 series Agilent instrument (Palo Alto, CA) equipped with a mass detector 5973. 
Wax constituents were separated on a 30 m long, 0.32 mm i d. fused silica capillary column 
(HP-1) using He as a carrier gas. The injection was purged after 1 min. The injector and 
detector were held at 250°C. The oven was initially at 80°C and then increased at 5°C/min to 
260°C, held for 5 min, then increased an additional 5°C/min to 320°C and held at this 
temperature for 30 min. Identification of the wax components was facilitated by access to 
the Hewlett Packard enhanced ChemStation™ G1701 BA version B.01.00 with Windows 
NT™ operating system. 
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FIGURE LEGENDS 
Figure 1. Photos of 7-day-old sand bench grown B73 and homozygous gl-ref seedlings. The 
locus designation for each gl mutant is indicated in the panel. Seedlings were sprayed with 
water to help demonstrate the glossy phenotype. 
Figure 2. Lateral root phenotype associated with gl30-ref. A) Ten-day-old roots from 
mutant (bottom) and sibling seedling (top). B) Boxed regions from panel A showing short 
lateral roots. C) Senescence of seminal root tip indicated by arrow in panel A. 
Figure 3. Confocal images of lateral root from B73 and gl30-ref seedlings reveal normal 
elongation of cortical cell in mutants. Panels A,C and B,D are at lOx and 40x 
magnifications, respectively. Images shown are representative of images from four mutant 
and four B73 seedlings. 
Figure 4. Young microspores from gl35 and B73 plants. A) Young miscrospores from gl35 
plants collapse and degenerate resulting in sterile plants that lack mature pollen grains. B) 
Microspores at a similar stage from B73. Some microspores form the gl35 sample appear 
normal but all microspores degrade during a narrow window in microsporogenesis. 
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Figure 5. gl8 transcript accumulation in B73 and stocks homozygous for gl8-ref. The left 
panel contains 15 ug total RNA from 7-day-old B73 seedlings. The middle lane contains 15 
ug total RNA from the a non-introgressed gl8-ref stock that has strong expression of the 
glossy phenotype. The right lane contains 15 ug of total RNA from a B73 introgressed gl8-
ref stock that has a weakly expressed glossy phenotype. All samples are from the same 
hybridization and exposure but lanes between B73 and gl8-ref were removed for clarity. 
Figure 6. SEMs from B73 and gl mutants at 2000X magnification. All images are from the 
adaxial surfaces of the second leaf from 8-day-old seedlings. Epicuticular waxes form a 
dense layer on B73 and are reduced in numbers to varying degrees on each gl mutant. 
Figure 7. SEMs from B73 and gl mutants from Fig. 6 at 10,000X magnification. The 
crystalline structure of the epicuticular waxes is apparent in B73. The gl mutants have 
smaller numbers of epicuticular waxes compared to B73. Epicuticular wax morphology also 
varies between B73 and each of the gl mutants. 
Figure 8. Chain lengths of alcohols present in chloroform extracted cuticular wax from B73 
and each of the gl mutants. Alcohols are primarily present in B73 and Class 1 mutants as 
C32. 
Figure 9. Chain lengths of aldehydes present in chloroform extracted cuticular wax from 
B73 and each of the gl mutants. The primary chain length of aldehydes in C32 in B73 wax. 
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Each of the Class 1 mutants also accumulates primarily C32 aldehydes. Several Class 2A 
mutants accumulate C30 aldehydes. gl35 uniquely accumulates CIS aldehydes. 
Figure 10. RNA-gel blot analysis of gl2 and gl8 transcript accumulation in B73 and gl 
mutant stocks. A) gl2 transcripts accumulate to near normal levels in all gl stocks except g 12. 
B) gl8 transcripts accumulate to near normal levels in all gl stocks except gl8 and gl32. 
Larger transcripts present in the gl8 lane appear to be a consequence of the Mu insertion in 
the gl8 allele used in this experiment. C) Hybridization of a duplicate blot with GAPDH 
demonstrates approximately equal loading among samples. 
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Figure 1. B73 and gl mutant seedlings 
Figure 2. gl30 root phenotype 
Figure 3. Confocal images of lateral roots 
from B73 and gl30 seedlngs. 
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Figure 4. Young microspores from gl35 and B73 plants. 
Figure 5. gl8 transcripts accumulates 
in introgressed gl8-ref stock 
Figure 7. SEM's 10.000X 
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Table I. gl Loci 
Locus 
B73 
BC* Original Report 
Chromosome 
Location1 
gl 
Expression Pleiolropic Effects 
No. Alleles 
Recovered 
g" 8 Kvakan, 1924 7L strong None Observed 35 
g'2 9 Hayes and Brewbaker, 1928 2S strong None Observed 12 
g!3 9 Hayes and Brewbaker, 1928 4L strong None Observed 20 
gU 9 Emerson et al., 1935 4L fair None Observed 11 
glS.20 9 Emerson et al., 1935 4S.ND strong None Observed I 
g!6 8 Emerson et al., 1935 3L strong None Observed 11 
g17 2 Emerson et al., 1935 4S fair None Observed 0 
gis 8 Emerson et al., 1935 5L strong None Observed 24 
gilt 9 Sprague, 1938 2S strong Small plants; dark green, adherent of 
seedling leaves in B73 background 
6 
g/13 9 Anderson, 1955 3S' fair Necrotic lesions on juvenile leaves only' 13 
gll-f 9 Anderson, 1955 2 weak None 4 
gus 8 Anderson, 1955 9L strong Strong glossy phenotype appears as a 
result of a premature transition to adult 
leaf characteristics 
4 
gin 10 Rhoades and Dempsey, 1954 5S strong Small plants; often has zebra cross bands 
on juvenile leaves 
4 
gl!8 9 Anderson, 1955 8L weak None 4 
gl21.22 10 Neufier and Beckett, 1987 10S. ND strong None 0 
gl2S 8 Schnable et al., 1994 5S fair Adherent seedling leaves; small plants' 3 
g!26 9 Schnable et al., 1994 8e strong Some adherence; small necrotic lesion' 7 
g!27 2 This study 1 strong Dwarf; necrotic lesions 2 
g!28 3 This study 10 fair Mild adherence of seedling leaves 5 
g/29 3 This study 4L fair Seedlings wither and die 1 
g/30 2 This study ND strong Virescent seedlings; delayed lateral root 
formation; lethal 
1 
gl3l 2 This study IL strong Dark green, adherence seedling leaves 2 
gl32 1 This study 2L fair None 2 
g!33 2 This study 8 weak Rolled seedling leaves 1 
gl34 I This study 2 fair Wax primarily deposited on portions of 
leaf 1 and main vein of leaf 2 
I 
gl3S I This study ND strong Male sterile; dark green, adherent leaves 
in B73 background 
1 
gl-Dom 1 This study ND fair Dominant phenotype; textured surface I 
ad I NA Kempton, 1920 1L weak Weak adherence of seedling leaves, 
tassel branches and top leaves 
0 
ad2 NA Neuffer, 1993 7LC weak Weak adherence of seedling leaves, leaf 
and floral tissue above ear node 
I 
cr4 NA Stinard, 1991 10S weak Weak adherence of seedling leaves; 
crinkly adult leaves; alreurone mosaic 
0 
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Table I Footnotes 
"Glossy seedlings used for chemical wax analysis, SEMs, and RNA isolations were from 
stocks backcrossed to B73 the indicated number of generations. NA indicates that analyses 
were not preformed on the locus. For each locus backcrossing was performed on the gl-ref 
allele, except for gl8 in which gl8-Mu 75-5074 was backcrossed (see results). 
"'Chromosome locations for each of the previous reported gl loci, except gl26, were reviewed 
by Schnable et al. (1994). Chromosome locations for ad J and cr4 were previously reported 
by Emerson et al. (1935) and Stinard (1991), respectively. Loci whose chromosome location 
was identified in this study by crosses to B-A translocation stocks (see Methods and Material 
for stocks used in this study) are indicated by the chromosome number and the arm the locus 
resides on. Loci that were not uncovered by any of the B-A translocation stocks were 
positioned to a chromosome by analysis of F2 progeny from crosses made by the wx 
translocation stocks are indicated by the chromosome number only. ND indicates the locus 
could not be mapped by either the B-A or wx translocation series. 
cResults from this study. 
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Table II. Quantitative analysis of cuticular w« components* 
gl locus* Alcohols Aldehydes Esters Alluincs Ketones Fattv acids Totar 
B73 29.8+1 54.8 + 3 0.57 + 0.1 6.00 + 2 136 ±03 3.17 + 0.7 95.7 + 6 
gll4 95 J ±3 86.4 + 5 2.49 + 0.1 13.0 ±0.6 2.95 ±0.1 0J1+0.I 200 ±9 
gl-Dom 63.1+2 88.6+1 1.71 +0.7 11.7±2 14.9 ±02 1.59 ±0.5 182 ±7 
g!26 57.5 ±2 89.9 + 2 0.40 + 0.1 9.78 ±0.4 5.79 ±0.4 437+0.8 168 ±6 
gis 50.8 + 1 64.8 + 4 5.07 + 0.7 14.4 ±2 3.14+0.6 12.7 + 0.8 151 ±9 
gl7 34.9+1 14.3 + 1 0.38 + 0.1 253 ±3 1.25 ±0.2 228+0.4 155 ± 11 
gtl7 31.3 + 2 60.5 + 5 0.50 + 0.1 45.0 ±4 2.77 ±1 1.79 + 02 142+12 
gH3 28.0 + 03 54.8+2 1.52+0.4 32.8 ±0.7 2.12±0.l 3.73+0.8 123 ±4 
g'3 25.4+1 20.7+1 0.37 + 0.1 2.02 ±0.1 224 ±03 532 ±1 56.1 ±4 
g/18 23.7 + 2 392 + 2 3.46 ±1 232 ±2 1.11+0.1 128 ±02 92 .0 ± 8 
g!28 21.0+1 21.9 + 0.4 225+0.5 8.25 ± 1 11.1+0.4 11.5 ± 1 78.0 ±5 
g/32 16.9+1 24.1 +0.4 1.01 ±0.1 7.29 ±0.4 5.85 ±2 18.4 ±2 73.7 ±6 
gl5.20 9.99 + 0.1 57.9 + 3 5.53 ±0.5 25.2 ± I 3.67+0.6 8.81 ±0.7 111+7 
gl35 0.25+0.1 402 + 2 139 ±0.6 4.05 ±03 1.53+02 5.58 ±2 53.0 ±5 
g!2l,22 1.42 + 0.2 37.5 ±2 128 ±0.7 28.2 ±2 9.44+0.8 1.80 ±0.3 79.7 ±6. 
g'2 12.4 + 2 28.4 + 3 037 ±0.9 17.4 ±2 224 ±03 532 ±1 703 ±9 
g!6 0.89 ±0.2 26.8 + 1 3.37 ±0.6 936 ±2 8.15 + 0.4 0.94 ±0.2 49.5 ±4 
gl30 1.58 + 0.5 24.6+0.7 1.15 ±0.1 9.77 ±0.7 9.97 ±2 0.41 ±0.1 47.4 + 4 
g/29 13.5 + 2 26.4 + 2 2.94 ±0.3 12.0 ±3 326 ±2 12.8 ±2 70.9 ± 11 
gl25 7.24 + 0.1 24.1 +0.1 1.06 ± 0.1 18.4 ±0.8 0.49 + 0.1 0.51+0.1 51.8+1 
g!3I 7.14+1 23.6+0.6 2.61 ± 1 19.2 ±1 1.63+0.6 2.60 ±0.6 56.8 ±5 
gU5 0.41 +0.1 19.0+0.1 0JI±0.1 7.99 ±2 0.03 ±0.03 0.45 ±0.7 28.2 ±2 
g/33 5.09 ±03 18.4 + 0.7 1.81 ±0.8 14.1 ±2 113 ± 1 2.52 ±1 532 ±6 
gl4 022 +0.1 102+1 0.15 ±0.1 9.65 ±0.6 0.91 ±0.2 121 ±02 32.9 ±5 
git 7.43 + I 7.09 + 2 0.62 ±0.1 3.07 ±0.6 431 ±1 6.94 ±1 28.9 ±6 
g!27 2.78+0.9 5.66+1 0.26 ±0.1 9.05 ±1 0.11 ±0.1 0.45 ±0.1 183 ±3 
gUl 0.51 ±0.1 6.14 + 1 0.35 ±0.1 123 ±0.5 2.02 ±0.03 6.46 ±0.4 27.8 ±2 
gl34 0.19 + 0.03 228 ±1 0,12 ± 0.1 1.95 ±0.4 724 ±0.4 0.13 ±0.1 11.9 ± 1 
* Values represent the mean of three independent extralions + SD on the mean in ug/g dry tissue. 
1 For each locus data is presented for the gl-ref allele with the excption of g!8 for which data were obtained 
from g18-Mti 77-3134. 
Total ug wax/g dry tissue is the sum of the individual wax components listed in the table. 
Class 1 mutants are grouped near the top of the table and their alcohol value is boxed. Class 2A mutants 
have their aldehyde value boxed and class 2B mutants are listed last in the table. 
82 
Appendix 
Allele' Mutagen' Progenitor* Source' Locus' Reference' 
75-5048-30 Mu DR DR gll (DR) Schnable et al.. 1994 
1253-6 Mu C&M C&M gll (C&M) Schnable et al., 1994 
1258-1 Mu C&M C&M gll (C&M) Schnable et al.. 1994 
90-3014-F3 Mu SB PS gll Schnable et al., 1994 
90-3I21-B6 Mu SB PS gll Schnable et al.. 1994 
92g-4022-28 Mu PS PS gll Schnable et al., 1994 
94-1506-28 Mu PS PS gll This study 
PV03 204-G6 Mu ND SB gll This study 
94-1001-523 EMS GN-A632 PS gll This study 
94-1001-1879 EMS GN-A632 PS gll This study 
94-1001-2146 EMS GN-A632 PS gll This study 
94-1001-2170 EMS GN-A632 PS gll This study 
94-1001-2250 EMS GN-A632 PS gH This study 
94-1001-2890 EMS GN-A632 PS gll This study 
94-1001-2910 EMS GN-A632 PS gH This study 
94-1001-3013 EMS GN-A632 PS gll This study 
2:147-35 EMS AW-Mol 7 PS gl1 This study 
2:153-24 EMS AW-Mol7 PS gl1 This study 
2:171-69 EMS AW-Mol 7 PS gll This study 
2:177-67 EMS AW-Mol 7 PS gll This study 
2:225-7 EMS AW-Mol 7 PS gll This study 
2:255-42a EMS AW-Mol 7 PS gl1 This study 
Ac 1182-43 EMS GN2-A632 PS glI This study 
AEW-A632-579 EMS AW-A632 PS gl1 This study 
Ml 845 EMS ND GN gll This study 
N269A EMS ND GN gll Schnable et ai., 1994 
N271 EMS ND GN gl! Schnable et al.. 1994 
N345B EMS ND GN gll Schnable et al.. 1994 
N212 EMS ND GN glI This study 
N489B EMS ND GN gll Schnable et al.. 1994 
PI 262494 ND ND Coop gll This study 
PI267186 ND ND Coop gll This study 
PI 251652 ND ND Coop gll This study 
747 Ac/Ds DA DA gll This study 
218-1 ND ND COOD ell This studv 
86-8328-7 Mu DR DR gl2 Schnable et al., 1994 
92-1194-65 Mu PS PS gl2 This study 
AEW-A619-39I EMS AW-A619 PS gl2 This study 
N718B EMS ND GN gl2 Schnable et al., 1994 
N239 EMS ND GN gl2 Schnable et al.. 1994 
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Appendix (continued) 
Allele* Mutagen* Progenitor* Source' Locus' Reference' 
90-3134-BI Mu SB PS gll 3 Schnable et al., 1994 
94-1001-746 EMS GN-A632 PS gll 3 This study 
94-1001-148/ EMS GN-A632 PS gll 3 This study 
94-1001-2658 EMS GN-A632 PS gll 3 This study 
2:15-33 EMS AW-Mol 7 PS gll 3 This study 
2:207-44 EMS AW-Mol 7 PS gll 3 This study 
2:225-43 EMS AW-Mol 7 PS gll 3 This study 
2:267-33 EMS AW-Mol 7 PS gll 3 This study 
N211B EMS ND GN gll 3 This study 
N1478B EMS ND GN gll 3 This study 
Nec 8495 ND ND Coop gll 3 This study 
PI 251938b ND ND Coop gll 3 This study 
N169 EMS ND GN gll3 (GN) Schnable et al.. 1994 
94-1001-3307 EMS GN-A632 PS gll 4 This study 
94-1001-3651 EMS GN-A632 PS gll 4 This study 
94-1001-3865 EMS GN-A632 PS gll4 This study 
AEW-A632-44 EMS AW-A632 PS zll4 This study 
PI 262474 ND ND Coop gU5 This study 
68-MI8-8 ND ND Coop gUS This study 
P1200203 ND ND Coop gU5 This study 
56-3023-6 ND ND COOD zllS This study 
94-1001-1518 EMS GN-A632 PS gll 7 This study 
94-1001-1780 EMS GN-A632 PS gll 7 This study 
N260B EMS ND GN gll 7 Schnable et al., 1994 
N681A EMS ND GN zll7 This study 
2:41-15 EMS AW-Mol 7 PS gll 8 This study 
2:33-66 EMS AW-Mol 7 PS gll8 This study 
2:267-12 EMS AW-Mol 7 PS gll 8 This study 
PI 262490b ND ND Coop z118 This study 
N478B• EMS ND GN gl2l (GN) Schnable et al., 1994 
N478C• EMS ND GN gl22 (GN) Schnable et al.. 1994 
90-3134-Ad5* Mu SB PS gl25 Schnable et al., 1994 
92g-4896-27 Mu PS PS gl25 This study 
N356 EMS ND GN £125 This study 
94-1581-23 Mu PS PS gl26 This study 
94-1584-22 Mu PS PS gl26 This study 
94-1602-24 Mu PS PS gl26 This study 
89-2543-44* Mu PS PS gl26 Schnable et al., 1994 
92-1199-52 Mu PS PS gl26 This study 
NI68 EMS ND GN gl26 This study 
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Appendix (continued) 
AUele* Mutagen' Progenitor1 Source' Locus' Reference' 
PI 267209 ND ND Coop gl2 This study 
PI 267212 ND ND Coop g!2 This study 
63-2440-8 ND ND Coop gl2 This study 
89-4339 ND ND Coop gl2 This study 
PI 184286 ND ND Coop gl2 This study 
PI 200291 ND ND Coop gl2 This study 
PI 228177 ND ND COOD z!2 This study 
90-3045-C8 Mu SB PS gU Schnable et al., 1994 
94-1001-326 EMS GN-A632 PS gl3 This study 
AEW-A632-363 EMS AW-A632 PS gU This study 
N531 EMS ND GN g!3 Schnable et al., 1994 
N533 EMS ND GN gU This study 
PI 251941 ND ND Coop gll This study 
PI 262500 ND ND Coop gU This study 
PI 267180 ND ND Coop gU This study 
PI 267219 ND ND Coop gU This study 
56-3023-9 ND ND Coop gU This study 
60-2484-8 ND ND Coop gU This study 
LGC-27 ND ND Coop gU This study 
Tai Tai Ta Sarga ND ND Coop gU This study 
PI 251933 ND ND Coop gl3 This study 
PI 254859 ND ND Coop gU This study 
PI 183683 ND ND Coop gl3 This study 
PI 267180 ND ND Coop gU This study 
56-3129-29 ND ND Coop gU This study 
"gll5-Btika" ND ND Coop gU This study 
PI 251938a ND ND Coop zl3 This studv 
88-1054-8 Mu DR DR gl4 (DR) Schnable et al., 1994 
90-3014-11 Mu SB PS gl4 Schnable et al., 1994 
92-1178-64 Mu PS PS gl4 Schnable et al., 1994 
94-1001-170 EMS GN-A632 PS gl4 This study 
94-1001-1107 EMS GN-A632 PS gl4 This study 
94-1001-1850 EMS GN-A632 PS gl4 This study 
2:255-42b EMS AW-Mol 7 PS gl4 This study 
Ac1182-368 EMS GN2-A632 PS gl4 This study 
94-1001-2705 EMS GN-A632 PS gl4 This study 
N525A EMS ND GN gl4 Schnable et al., 1994 
PI 239101a ND ND Coop Zl4 This study 
56-3036-7 ND ND Coop «15.20 This study 
93-4092-2051 Mu PS PS gl6 This study 
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Appendix (continued) 
Allele" Mutagen* Progenitor* Source' Locus' Reference' 
PI 267209 ND ND Coop gl2 This study 
PI 267212 ND ND Coop gl2 This study 
63-2440-8 ND ND Coop gl2 This study 
89-4339 ND ND Coop gl2 This study 
PI 184286 ND ND Coop gl2 This study 
PI 200291 ND ND Coop gl2 This study 
PI 228177 ND ND CoOD z!2 This study 
90-3045-C8 Mu SB PS gl3 Schnable et al., 1994 
94-1001-326 EMS GN-A632 PS g'3 This study 
AEW-A632-363 EMS AW-A632 PS gl3 This study 
N531 EMS ND GN g!3 Schnable et al., 1994 
N533 EMS ND GN gl3 This study 
PI 25194! ND ND Coop gl3 This study 
PI 262500 ND ND Coop gl3 This study 
PI 267180 ND ND Coop gl3 This study 
PI 267219 ND ND Coop gl3 This study 
56-3023-9 ND ND Coop gl3 This study 
60-2484-8 ND ND Coop gl3 This study 
LCC-27 ND ND Coop g'3 This study 
Tai Tai Ta Sarga ND ND Coop gl3 This study 
PI 251933 ND ND Coop gl3 This study 
PI 254859 ND ND Coop gl3 This study 
PI 183683 ND ND Coop gl3 This study 
PI 267180 ND ND Coop gl3 This study 
56-3129-29 ND ND Coop gl3 This study 
"gUS-Baika" ND ND Coop gl3 This study 
PI 251938a ND ND Coon zl3 This study 
88-1054-8 Mu DR DR gl4 (DR) Schnable et al.. 1994 
90-3014-11 Mu SB PS gl4 Schnable et al., 1994 
92-1178-64 Mu PS PS gl4 Schnable et al., 1994 
94-1001-170 EMS GN-A632 PS gl4 This study 
94-1001-1107 EMS GN-A632 PS gl4 This study 
94-1001-1850 EMS GN-A632 PS gl4 This study 
2:255-42b EMS AW-Mol 7 PS gl4 This study 
Ac1182-368 EMS GN2-A632 PS gl4 This study 
94-1001-2705 EMS GN-A632 PS gl4 This study 
N525A EMS ND GN gl4 Schnable et al., 1994 
PI 239101a ND ND COOD Zl4 This study 
56-3036-7 ND ND Coon zlS.20 This study 
93-4092-2051 Mu PS PS gl6 This study 
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Appendix (continued) 
Allele* Mutagen* Progenitor* Source' Locus' Reference1 
2:73-25 EMS AW-Mol 7 PS gl6 This study 
94-1001-2656 EMS GN-A632 PS gl6 This study 
AEW-A632-433 EMS AW-A632 PS gl6 This study 
N656A EMS ND GN gl6 This study 
N672B EMS ND GN gl6 Schnable et al.. 1994 
PI 262490a ND ND Coop gl6 This study 
PI 267203 ND ND Coop gl6 This study 
"gl7" old gl series ND ND Coop gl6 This study 
PI 239101b ND ND Coop gl6 This study 
"gll 2" old gl series ND ND Coop gl6 This study 
92-1253-64 Mu PS PS gl8 This study 
92-1205-80 Mu PS PS gl8 This study 
94-1480-26 Mu PS PS gl8 This study 
94-1641-25 Mu PS PS gl8 This study 
75-5074-22 Mu DR DR gl8 (DR) Schnable et al.. 1994 
77-3134-48 Mu DR DR gl8 (DR) Schnable et al., 1994 
78-1841-47 Mu DR DR gl8 (DR) Schnable et al.. 1994 
83-8123-7 Mu DR DR gl8 (DR) Schnable et al.. 1994 
87-2550-8 Mu DR DR gl8 (DR) Schnable et al.. 1994 
88-3142-4 Mu DR DR gl8 (DR) Schnable et al.. 1994 
89g-5348-25 Mu PS PS gl8 Schnable et al.. 1994 
90-3230-5 Mu SB PS gl8 Schnable et al.. 1994 
90-2940-A2 Mu SB PS gl8 Schnable et al., 1994 
91-2136-36 Mu PS PS gl8 Schnable et al.. 1994 
90-2145-32 Mu PS PS gl8 Schnable et al.. 1994 
9lg-6079-25 Mu PS PS gl8 Schnable et al., 1994 
92g-4908-27 Mu PS PS gl8 Schnable et al.. 1994 
94-1001-587 EMS GN-A632 PS gl8 This study 
94-1001-3209 EMS GN-A632 PS gl8 This study 
2:91-27 EMS AW-Mol 7 PS gl8 This study 
2:225-36 EMS AW-Mol 7 PS gl8 This study 
2347 Ac/Ds DA DA gl8 This study 
N166A EMS ND GN gl8 Schnable et al.. 1994 
ngl6" old gl series ND ND Coop gl8 This study 
92-1198-81 Mu PS PS gUI This study 
92-3252-62 Mu PS PS glll This study 
94-1514-30 Mu PS PS gin This study 
88-89-3563 Mu DR DR glll (DR) Schnable et al.. 1994 
91-2141-13 Mu PS PS glu Schnable et al., 1994 
N352A EMS ND GN glll Schnable et al.. 1994 
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Appendix Footnotes 
"The symbol * indicates that designated allele is the reference allele for that locus. 
b Mutants alleles were isolated following Mutator (Mu), Ac/Ds, or EMS mutagenesis. ND, 
the origin of a mutant is not known. Mutants isolated from Mu or Ac/Ds stocks are presumed 
to have Mu or Ac/Ds insertion respectively, although this may not necessarily be true in all 
cases. 
c The designations of progenitor alleles of EMS-derived mutants are defined in the Materials 
and Methods. A/w-induced alleles originated from Mu stocks maintained by the labs of 
Patrick Schnable (PS), Don Robertson (DR), Steve Briggs (SB) or Bill Cook and Donald 
Miles (C&M). The two alleles designated DA were isolated by Don Auger of the Bill 
Sheridan lab from an Ac/Ds stock. ND, progenitor not known. 
d Source designates where the allele was originally identified. Abbreviations are the same as 
described for progenitor. Alleles obtained from the Maize Genetics Coop are designated 
Coop and alleles obtained from Gerald Neuffer are designated GN. 
c Allelism tests were performed by the Schnable Laboratory except where noted in 
parentheses following the locus designation. 
f Reference indicates where the allelism results were first published. 
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ABSTRACT 
The widespread use of the maize Mutator (Mu) system to generate mutants 
exploits the preference of Mu transposons to insert into genie regions. However, little is 
known about the specificity of Mu insertions within genes. Analysis of 79 independently 
isolated Mu-induced alleles at the gl8 locus established that at least 75 contain Mu insertions. 
Analysis of the terminal inverted repeats (TIRs) of the inserted transposons defined three 
new Mu transposons: MulO, Mu 11, and MuI2. A large percentage (>80%) of the insertions 
are located in the 5' untranslated region (UTR) of the gl8 gene. Ten positions within the 5' 
UTR experienced multiple independent Mu insertions. Analyses of the nucleotide 
composition of the 9-bp TSD and the sequences directly flanking the TSD reveals that the 
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nucleotide composition of Mu insertion sites differs dramatically from that of random DNA. 
In particular, the frequencies at which Cs and Gs are observed at positions -2 and +2 (relative 
to the TSD) are substantially higher than expected. Insertion sites of 315 Rescue Mu 
insertions displayed the same non-random nucleotide composition observed for the gl8-Mu 
alleles. Hence, this study provides strong evidence for the involvement of sequences 
flanking the TSD in Mu insertion site selection. 
INTRODUCTION 
About a dozen families of maize transposons have been identified (NEVERS et al. 
1985; PETERSON 1988; CAPY et al. 1998). Each family typically consists of two 
categories of transposons, autonomous and nonautonomous. Autonomous transposons 
encode all nonhost factors required for their own transposition. In contrast, the transposition 
of nonautonomous transposons is dependent upon factors encoded by autonomous 
transposons of the same family. The Mutator (Mu) family consists of the autonomous 
transposon, MuDR (SCHNABLE and PETERSON 1986; HERSHBERGER et al. 1991; 
CHOMET et al. 1991; QIN et al. 1991; HSIA and SCHNABLE 1996) and at least seven 
classes of nonautonomous transposons; Mul, Mu2, Mu3, Mu4, Mu5, Mu7/rcy and Mu8 (for 
reviews see WALBOT 1991; CHANDLER and HARDEMAN 1992). Mu transposons 
contain approximate 215 base-pair (bp) terminal inverted repeats (TIRs) that are highly 
conserved and are thought to be recognized by the MuD/Z-encoded transposase (BENITO and 
WALBOT 1997; RAIZADA and WALBOT 2000). In addition to these Mu transposons, a 
novel Mu TIR (GenBank AF231940) recently identified as part of a Mu insertion in the rf2 
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gene was defined as the left TIR of MulO (X. GUI, A. HSIA, D. A. ASHLOCK, R. P. WISE, 
P. S. SCHNABLE, unpublished data). 
Some transposons exhibit nonrandom patterns of insertion. For example, MITEs 
such as the Tourist and Stowaway described by BUREAU and WESSLER (1992, 1994) have 
a preference for insertion into genie regions (ZHANG et al. 2000). In addition, they exhibit a 
preference for 2- to 3-base pair A/T-rich target sites. Transposons and insertion sequences 
from bacteria show a wide range of insertion specificity ranging from recognition of specific 
target sequences to preferences for insertion into A/T-rich sequences of promoter regions 
(BERG and HOWE 1989). The most dramatic example of non-random insertion within 
genes is the preference of the P element of Drosophila to insert into the 5' UTRs of genes 
(reviewed by SPRADLING et al. 1995). SPRADLING compiled data for 56 insertions 
(from 49 different genes) for which sequence data were available and thereby demonstrated 
that all the insertions had occurred in the 5' halves of the affected genes and over one-half of 
all the insertions had occurred in the 5' UTRs. 
As expected, Mu insertions that are responsible for mutations are located in genes -
usually in exons, but in some cases in noncoding regions (reviewed by BENNETZEN 1996). 
However, even Mu transposons that were not preselected for being responsible for a mutation 
seem to be preferentially located in gene-like, low copy, hypomethylated regions of the 
genome. No obvious target site or secondary structure has been identified to explain this 
preference (BENNETZEN et al. 1993). More recently, PCR-based techniques such as AIMS 
(amplification of insertion mutagenized sites) (FREY et al. 1998) and the use of a transgenic 
modified Mul transposon, Rescue Mu (RAIZADA et al. 2001), have allowed for the large-
scale isolation of DNA sequences that flank random Mu insertions. Analyses of such 
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fragments have revealed that these sequences have significant levels of nucleotide identity to 
ESTs at frequencies higher than would be expected for random genomic DNA (J. VOGEL, 
DuPont, Newark DE, personal communication; HANLEY et al. 2000; RAIZADA et al. 
2001). This preference for Mu transposons to insert into genes, combined with their high 
transposition rate (ALLEMAN and F REELING 1986), results in mutation rates that are 50-
fold higher than the spontaneous rate (ROBERTSON 1978) and makes Mu a powerful tool 
for tagging and cloning genes (for reviews see BENNETZEN et al. 1987; SHEPHERD et al. 
1988; WALBOT 1992). 
Despite the widespread use of Mu transposons for gene cloning, relatively little is 
known of Mu transposon insertion preference within genes. There is evidence to suggest Mu 
transposons insert non-randomly within at least some genes (reviewed by BENNETZEN et 
al. 1993). For example, the mapping of 24 bz-Mu alleles via DNA gel blotting revealed that 
as many as 19 are clustered into an approximately 600 bp region around intron one 
(TAYLOR et al. 1986; BROWN et al. 1989; HARDEMAN and CHANDLER 1989, 1993; 
SCHNABLE etal. 1989; BRITTand WALBOT 1991; DOSEFF etal. 1991). Of these bzl 
alleles, five were subsequently sequenced and four were found to have Mu insertions in a 
narrow region just 3' of intron one (SCHNABLE et al. 1989; BRITT and WALBOT 1991; 
DOSEFF et al. 1991; CHANDLER and HARDEMAN 1992). Indeed, three of these 
independent insertions occurred at exactly the same nucleotide position. Similarly, the four 
characterized adhl-Mu alleles have insertions in the first intron (BARKER et al. 1984; 
CHEN et al. 1987; ROWLAND and STROMMER 1985). Analysis of a collection of Mu-
induced dominant alleles at the knl locus revealed that all nine have Mu insertions within a 
310-bp region of the third intron (GREENE et al. 1994). In addition, BENNETZEN has 
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suggested that Mu transposons may have a preference for insertion into promoters based on 
the fact that a number of insertions have been isolated from promoter regions (BENNETZEN 
etal 1993; BENNETZEN 1996). 
Although there is some evidence that suggests Mu transposons may insert at 
preferred sites within genes, to date, this hypothesis has only been tested via the analysis of 
relatively few mutant alleles that were generated from multiple, and often unrelated, Mu 
stocks. It is therefore difficult to draw firm conclusions regarding the specificity of Mu 
insertions from the extant data. In the current study, each member of a large collection of 
Mu-induced glossy8 (gl8) alleles generated from genetically related Mu stocks was 
characterized by PGR amplification to determine whether the locus was disrupted by a Mu-
insertion. Subsequently, sequence analyses of the resulting PGR products established the 
exact Mu insertion sites in 75 of the 79 gl8-Mu alleles. These data demonstrate that Mu 
transposons have a strong preference for inserting into the 5' UTR of the gl8 gene. Analysis 
of sequences flanking the 9-bp TSD has revealed a highly significant conservation of 
nucleotide composition in the positions directly flanking the 9-bp TSD. Analysis of insertion 
sites from 315 RescueMu transposons demonstrated that the non-random nucleotide 
composition flanking the gl8-Mu insertion sites is not unique to insertions in the gl8 gene. 
MATERIALS AND METHODS: 
Genetic stocks: The Mu transposon stocks used to generate 75 of the Mu-tagged g 18 alleles 
have been described previously (STINARD et al. 1993). Of the remaining alleles, gl8-Mu 
94-1480-26 and gl8-Mu 94-1641-25 were isolated from a different Mu stock maintained by 
the SCHNABLE laboratory; and gl8-Mu 90-2940-A and gl8-Mu 90-3230-5 were isolated 
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from F2 Mu families provided by STEVE BRIGGS, when he was at Pioneer Hi-Bred 
International, Johnston LA. Alleles gl8-Mu 89g-5348-24 and gl8-Mu 91-2145 (SCHNABLE 
et al. 1994) were found to have Mu8 insertions at the exact site and orientation as the Mu8 
insertion allele gl8-Mu 88-3142. Because of the way the random-tagged alleles gl8-Mu 89g-
5348-24 and gl8-Mu 91-2145 were isolated, it was not possible to confirm their 
independence from gl8-Mu 88-3142 and they were therefore not included in this study. 
The gl8 locus was originally defined by a spontaneous mutation (EMERSON, 
1935) that was designated as the reference allele (gl8-ref). The gl8-ref pr stock used in the 
directed tagging experiment was provided by DONALD ROBERTSON (Iowa State 
University) (SCHNABLE AC #552). The Aet/LineC genetic stock has the genotype G18 
pr/Gl8 pr. 
All inbred lines were maintained by selling and/or sib mating. The inbred lines 
Q66 and Q67 (SCHNABLE AC #'s 111 and 113, respectively) were originally obtained from 
ARNEL HALLAUER (Iowa State University). The inbred lines B77 and B79 (SCHNABLE 
AC #'s 403 and 404, respectively) were originally obtained from DONALD ROBERTSON 
(Iowa State University). The inbred line W64A (SCHNABLE AC #142) was provided by 
DARYL PRING. 
Isolation and sequencing of the gl8 genomic clones: A B73 genomic library constructed in 
XDash II (Stratagene, La Jolla, CA) by JOHN TOSSBERG (Pioneer Hi-Bred International, 
Johnston LA) was screened by DNA hybridization (MANIATIS et al. 1982). A partial 0.8-kb 
gl8 cDNA was used as a probe in the initial library screen. In subsequent X purification 
steps, a 140-bp fragment isolated from the 5' end of the 1.4-kb apparent full-length gl8 
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cDNA clone pgl8 (XU et al. 1997) was used as the probe (probe A, Figure 1). The gl8 
genomic clone, XI548-38, was isolated and determined to contain a 6.8-kb HindlW fragment 
containing the entire gl8 gene. This 6.8-kb Hindlll fragment was sequenced at the Iowa 
State University Nucleic Acid Facility on an ABI373A automated DNA sequencer (Applied 
Biosystems, Foster City, CA). Sequence analyses were performed using the Sequencher™ 
Version 3.0 software package (Gene Codes Corporation, Inc, Ann Arbor, MI). The 3.6-kb 
HindUUSacl fragment from the 5' half of the gl8 genomic clone XI548-38 was subcloned 
into pBSK. to make the clone pgl83.6. Probe B (Figure 1) was obtained by PCR 
amplification of pgl83.6 with primers gl8a58 and g!8a51. 
Isolation of genomic DNA: F% families segregating for gl8-Mu alleles were grown in 
greenhouse sand benches for seven days, at which time individual glossy plants (gl8-Mu/gl8-
Mu) were identified by the "water-beading" phenotype (SCHNABLE et al. 1994). DNA was 
extracted from each of these plants using a version of the ROGERS and BENICH (1985) 
hexadecyltrimethyl-ammonium bromide (CTAB) extraction protocol modified to allow a 
substantially higher throughput (eight 96-well plates can easily be completed in a single work 
day). In the high-throughput version of the protocol, sections of seedlings with fully 
expanded leaves one and two were harvested from just above the tip of the coleoptile to the 
top of the first leaf sheath. The first leaf sheath was removed from this section and the 
remaining tissue was inserted into 2-ml strip tubes in 96-well format and freeze-dried. 
Approximately twenty 1.7-2.5-mm glass beads (MO-Sci Corporation Rolla, MO, Cat # MS-
302/GL-01915) were added to each tube and dried tissue was pulverized for five min using a 
paint shaker (Red Devil Equipment Co., Brooklyn Park MN, Model #5400). Six hundred ul 
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of CTAB extraction buffer [1% CTAB, 100 mM Tris (pH 7.5), 0.7 M NaCl, 10 mM EDTA, 
100 mM 2-Mercaptoethanol] was added to the resulting powder and incubated at 60° for 60 
min. Samples were allowed to cool to room temperature before adding 300 ul 
chloroform/octanol (24:1). Tubes were then mixed by inverting for five min and centrifuged 
at 5000g for 10 min. The aqueous phase was withdrawn and mixed with an equal volume of 
isopropanol to precipitate the PCR-ready DNA. 
For 11 of the gl8-Mu alleles derived from a directed tagging experiment, Fz seed 
was not available. For these alleles, 10 individual seedlings from crosses such as Cross 2 or 
Cross 3 (see Results) were pooled and DNA was extracted via the method of DELLAPORTA 
et al. (1983). DNA samples from the maize inbred lines Q66, Q67, B77 and B79 and a stock 
homozygous for the gl8-ref allele were extracted according to methods of S AGHAI-
MAROOF et al. (1984). 
Mu transposons: TIR sequences for Mu I, Mu3, Mu4, Mu5, Mu7/rcy, Mu8, and MuDR were 
obtained from GenBank accessions X13019, U19613, X14224, XI4225, XI5872, X53604, 
and M76978, respectively. The left and right TIRs were defined as the TIRs that were listed 
first and second, respectively, in the appropriate GenBank entry. The TIRs of Mu2 were 
obtained from TAYLOR and WALBOT (1987). The single TIR from MulO was obtained 
from GenBank AF231940. 
PCR amplification of Mu flanking regions: PCR was performed using a primer in the 
conserved region of the Mu TIR, primer Mu-TIR (5' AGA GAA GCC AAC GCC A(AT)C 
GCC TC(CT) ATT TCG TC-3 ), in combination with individual g/S-specific primers to 
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amplify the gl8 sequences flanking each Mu insertion. PCR amplification reactions were 
performed with a PTC-200 (MJ Research, Waltham MA) thermal cycler with the following 
conditions: denature at 94° for one min, anneal at 62° for 1.5 min and extend at 72° for two 
min for 40 cycles, followed by a final extension at 72° for five min. PCR products obtained 
by amplification with A/w-TIR and a g/5-specific primer upstream or downstream of the Mu 
transposon within the gl8 gene were called 5' or 3' products respectively. To amplify the 3' 
product of MulO and Mul2 insertions, it was necessary to lower the annealing temperature to 
55°. To compensate for the high GC content in the 5' half of exon one of the gl8 gene, 
DMSO was added to a final concentration of 10% for PCR reactions involving primers 
xx022, 8a2840 or mcd696. PCR products were purified using a Qiagen (Valencia, CA) PCR 
Purification Kit (Cat. #28104) and sequenced. PCR reactions were performed using the 
following gl8 specific primers. The approximate location of each primer is shown in Figure 
1. 
gl8a54: 5' GCC ACC CGG ACT AAA ACC TG 3' 
gl8a59: 5' TAA TGG CCT CGC TGT CAC 3' 
gl8a61: 5' AGC AGC AGC GAT CAC CTC AG 3' 
gl8a51: 5' TGT GCC TGC CCC TGT GTC 3' 
gl8a 58: 5' AAG AGT GTG GCG CGT GCT ATG 3' 
gl8a62: 5' AAG TGA GAA AGA AAG GTT GTC C 3' 
gl8a64:5* TTT CGA ATA TTT GTC CTA CTG TTA G 3' 
8a2840:5' CCA CCC ACC ACC GGA TAT AGG TCA TG 3' 
mcd696: 5' CGC ACC TCG GGG ACC TTG G 3' 
xx022: 5' CGG ATC AGA AGG CAC GAC GGA G 3' 
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gab457: 5' GOT GGA CGA GGA GCT GAT G 3' 
gab830: 5' CAT TGC ACA TCA ATA CCC TTG CTC TTG TAC TC 3' 
gab812: 5' TCA AGA TGC CTC TAT GTT GAG TAC AAG AGC AAG 3' 
g!8ain: 5 CTC AGG AGG TAA TGG TAG 3' 
gab869: 5' GCC AGC CCC TTC TTG CGG ATC TTA ATG 3' 
g24he.p4: 5' CCT ATG CTC GTG CTG CCG TTC GTC 3' 
8a2637: 5' GTG GCG ACA AAG CTT GCA TCT ATC AGG AAG TCT 3' 
Isolation of the 5' UTR region from G18 progenitor alleles: A portion of the gl8 gene 
containing the 5' UTR region was sequenced from each of the Mu stock progenitors. This 
region of the G18-B77, G18-B79 and G18-Q67 alleles was PCR amplified with primers gl8a58 
and mcd696 (GenBank accessions AF348367, AF348368, AF348369, respectively). 
Because the G18-Q66 allele could not be amplified with gl8a58, it was amplified using the 
primer pair gl8a62 and mcd696 (GenBank accession AF348370). The resulting PCR 
products were purified and cloned into the TOPO TA cloning vector (Invitrogen, Carlsbad, 
CA, Cat # K.4500-40) and a bulk of 10 individual clones from each gl8 allele was sequenced. 
Genetic algorithm for alignment of sequences: The genetic algorithm (GOLDBERG 1989) 
used to align the gl8-Mu and RescueMu sequences specifies a single alignment as a collection 
of either forward or reverse-complement orientation for each insertion site sequence. An 
initial random population of2000 such alignments was used in each run of the genetic 
algorithm. The fitness of any given alignment was taken to be the sum, over columns and 
over the four bases, of the squared deviation of the nucleotide counts from the background 
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distribution of Cs, Gs, Ts and As of the sequence data. This function was maximized by 
selection. Selection was performed by shuffling the population randomly into 500 groups of 
four alignments. In each group of four alignments, the two lower scoring alignments were 
discarded and the higher scoring alignments were copied in their place. Suffixes of the 
copies, selected uniformly at random, were exchanged (this is a one point crossover) and then 
the copies were mutated. Uniform mutation with positional mutation probability of 1/n (the 
number of insertion sites being aligned) was used. Uniform mutation proceeds down the 
string of forward-reverse specifications that define an alignment and independently flips each 
sequence with a fixed probability; 1/n in this case. Each run of the genetic algorithm was 
permitted to continue for 250 selection steps (generations). For each collection of insertion 
sites, the maximized consensus sequence was found in a majority of 100 runs of the genetic 
algorithm, suggesting that it is the true optimum alignment. Each of the 100 runs used a 
different initial random population of alignments. 
RESULTS 
The gl8 gene structure: The gl8 gene was previously cloned using a A/u-tagged allele (gl8-
Mu 88-3142) that has a Mu8 insertion near the gene's start codon (XU et al. 1997). A B73 
lambda genomic clone, X545-38, was isolated (see Methods and Material) and restriction 
analysis identified a 6.8-kb Hindlll fragment that contained the entire g/S-coding region. 
This 6.8-kb fragment was completely sequenced (GenBank AF302098). Comparisons 
between this B73 genomic sequence and the apparent full-length gl8 cDNA clone (pgl8) 
described by XU et al. (1997) revealed that the gl8 gene contains two introns of 829 bp and 
583 bp separated by a 70-bp exon (Figure 1). The sequenced 6.8-kb //zVzdIII genomic gl8 
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fragment includes 2871 bp upstream of the 5' end of the gl8 cDNA clone and 1193 bp 3' of 
its polyadenylation site. Analysis of the gl8 genomic sequence revealed that within the first 
exon there is a stop codon 50 bp 5' of the start of the pgl8 sequence. As is true for many 
plant genes, there are no obvious TATA or CCAAT boxes in the 5' region of the gl8 gene. 
Isolation of gl8-Mu alleles: The gl8 gene product is the P-keto acyl reductase component 
(X. XU; C.R. DIETRICH; R. LESSIRE; B. J. NIKOLAU; and P. S. SCHNABLE, 
unpublished data) of the long-chain fatty acid elongase complex involved in the production 
of cuticular waxes. The inability of the gl8 mutant to produce a normal wax load gives the 
leaves of mutant seedlings a "glossy" appearance, and permits the ready identification of 
mutants. As reported previously, (SCHNABLE et al. 1994; XU et al. 1997) genetic screens 
were used to isolate 58 gl8-Mu alleles. This collection included alleles generated via both 
random transposon tagging (10 alleles) and direct transposon tagging (46 alleles). Random-
tagged mutants were identified as new glossy mutant plants (gl*/gl*) in F% progenies of 
plants that carried an active Mu system. Subsequent allelism tests established which of these 
gl* alleles were allelic to gl8. Further analysis of the random-tagged gl* alleles described by 
SCHNABLE et al. (1994), and additional alleles, has resulted in the identification of five 
more random-tagged gl8-Mu alleles, bringing the total to 15. Further analysis of the progeny 
from the gl8 directed tagging experiment previously described by SCHNABLE et al. (1994) 
and XU et al. (1997) has increased the number of direct-tagged alleles isolated by the 
SCHNABLE laboratory from 46 to 64. Hence, a total of 79 gl8-Mu alleles (random and 
direct tagged) were available for the current study. 
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Direct-tagged alleles were generated via Cross 1 (in all crosses the female parent is 
listed first). 
Cross 1: Mu G18 Pr/GIS Pr x gl8-ref pr/g/8-refpr 
Ears from Cross 1 were individually shelled and kernels from each ear were planted in 
greenhouse sand benches such that family structures were maintained. Rare glossy seedlings 
from this cross carried newly generated gl8-Mu alleles. Because each gl8-Mu allele was 
isolated from a different ear, each allele must necessarily represent an independent 
mutational event. The exceptional glossy seedlings, which had the genotype gl8-Mu Pr/gl8-
ref pr, were transplanted to pots, and crossed to a G18 pr stock (Cross 2) to facilitate the 
genetic separation of the gl8-Mu and gl8-ref alleles. 
Cross 2: gl8-Mu Pr/gl8-refpr x G18 pr/Gl8 pr 
Kernels from Cross 2 segregated 1 purple {Pr/pr): 1 red (pr/pr). Because pr is genetically 
tightly linked to gl8 (<l cM, STINARD and SCHNABLE, 1993), >99% of the purple kernels 
will have the genotype gl8-Mu Pr/Gl8 pr. 
In some instances, glossy progeny from Cross 1 were crossed onto inbred lines 
such as W64A (G18 Pr/Gl8 Pr) instead of the G18 pr stock (Cross 3). 
Cross 3: gl8-Mu Pr/gl8-ref prx GI8 Pr/Gl8 Pr (W64A or other inbreds) 
Because all of the colored kernels from Cross 3 were purple, it was not possible to use 
phenotypic selection to identify kernels that carried gl8-Mu alleles. Instead, in these families 
Fi analysis was used to distinguish between gl8-Mu Pr/Gl8 Pr (Fz will not segregate red 
kernels) and gl8-refpr/Gl8 Pr (F^will segregate red kernels) progeny of Cross 3. 
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Identification of Mu insertion sites: To identify the Mu insertion site for each of the 79 gl8-
Mu alleles, PCR was performed on each allele using ag/S-specific primer in combination 
with a primer located in the highly conserved TIRs of Mu transposons. The resulting PCR 
products that hybridized to gl8 genomic sequence were purified and sequenced. For each 
gl8-Mu allele, as many as 16 gl8-specific primers (Figure 1) spanning a 6.0-kb interval 
containing the gl8 gene were used to identify a primer that in combination with the A/u-TIR 
primer would amplify the gl8/Mu flanking DNA. Amplification products were obtained 
from 75 of the 79 gl8-Mu alleles analyzed. Although Mu flanking PCR products were 
obtained from both sides of the Mu transposon for most of these alleles, sequence analysis of 
only one side was sufficient to determine the transposon insertion site. These analyses 
revealed that 62 of these 75 Mu insertions (>80%) had occurred in the 5' UTR to the gl8 gene 
and 52 (69%) of those occurred within a approximately 60 nucleotide interval of the gl8 5' 
UTR (Figure 2). Ten positions within the 5' UTR experienced multiple Mu insertions. One 
position in particular was host to 15 independent insertion events. Each of the alleles 
associated with a multiple insertion site was re-amplified and sequenced from DNA extracted 
from an independent batch of seedlings. In all cases the results from the second analysis 
were in agreement with those from the first. 
Because the Mu stocks used to generate most of these mutant alleles were maintained 
via crosses to the Fi hybrids B77 x B79 and Q67 x Q66 (STINARD et al. 1993), the gl8-Mu 
alleles were derived from four potential G18 progenitor alleles. The 5' UTR sequence of 
each of these four G18 progenitor alleles was obtained by PCR amplification with two gl8-
specific primers (see Methods and Materials). Several allele-specific insertion/deletion 
polymorphisms (IDPs) 5' of the start codon were identified among the four parental alleles 
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(Figure 2 and data not shown). These IDPs, along with a silent substitution at position 199 of 
exon 1, permitted the identification of the progenitor alleles of each of the 65 gl8-Mu alleles 
that arose via a Mu insertion 5' of the gl8 start codon (Figure 2 and Table 1). 
To ensure that the gl8-ref allele used in the directed-tagging experiments did not 
interfere with the PCR-based mapping of Mu transposons, gl8-ref was characterized by PCR 
amplification and sequence analysis. No g/S-hybridizing PCR products were obtained with 
DNA from gl8-ref/gl8-ref individuals using the A/m-TIR primer in combination with any of 
16 g/S-specific primers (data not shown). In addition, no DNA sequence polymorphisms 
were found between the gl8-ref allele and the wild-type G18-B73 allele in the region defined 
by PCR primers g!8a58 to glSain, which includes the entire coding region. 
Analysis of Afu TIR sequences: The gl8/Mu flanking PCR products contained 39 
nucleotides of Mu TIR sequence terminal to the A/m-TIR primer annealing site. Comparing 
the sequence of these 39 nucleotides from each gl8-Mu allele to the left and right TIRs of the 
previously defined Mu transposons (Figure 3) identified most of the Mu transposons. 
Insertions corresponding to six Mu transposons (MuDR, Mul, Mu2, Mu4, Mu8 and MulO) 
were identified in this fashion. Several novel TIR sequences were also recovered. The novel 
TIRs identified from the 5' and 3' PCR products of gl8-Mu 9Ig211 define the left and right 
TIRs of the Mull transposon (GenBank AF247740 and AF247741, respectively). An 
additional novel Mu transposon was identified from gl8-Mu 9Ig241, and was designated 
Mul2. Sequences from the 5' and 3' PCR product from gl8-Mu 91g24l revealed that the 
terminal 39 bp from the TIRs of Mul2 are perfect inverted repeats and were designated as the 
left and right TIRs of Mul2 (GenBank AF247742 and AF302101, respectively). Analysis of 
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the sequence of the 5' PCR product from gl8-Mu 91g209 identified the inserted transposon as 
MuJO. Because only the left TIR of MulO had previously been reported, the 3' PCR product 
from gl8-Mu 9lg209 was sequenced to obtain the right TIR of MulO (GenBank AF302099). 
Characterization of the four gl8-Mu alleles in which Mu insertions were not detected: 
Mu insertions were not identified in four of the 79 gl8 alleles analyzed in this study. These 
four alleles were subjected to further analyses. Based on PCR amplification and sequence 
analysis it was determined that the progenitor of the direct-tagged allele gl8-Mu 91g215 was 
G18-Q67 (data not shown). DNA gel blot analysis was then performed using probe B (Figure 
1). Although an RFLP exists between gl8-Mu 9lg215 and G18-Q67 (Figure 4 lanes 5 and 1. 
respectively), gl8-Mu 9Ig215 is indistinguishable from gl8-ref (Figure 4 lane 3) in this 
hybridization experiment. Therefore, it is likely that during Cross 2 the gl8-Mu 9Ig215 allele 
was replaced by the gl8-ref allele as the result of a crossover between gl8 and pr. 
DNA isolated from a plant homozygous for gl8-Mu 9Igl59 failed to hybridize to 
probe B (Figure 4 lane 4). Hybridization with an unrelated single-copy probe established 
that lane 4 in Figure 4 contains DNA of sufficient quality and quantity to yield hybridization 
signals to single-copy genes (data not shown). A subsequent experiment using the same blot 
and the 1.4 kb gl8 cDNA also failed to detect the gl8 gene in lane 4 (data not shown). This 
result suggest that gl8-Mu 91gl59 consists of a deletion of the entire coding region of the gl8 
gene. 
The gl8-Mu 94-1641-25 allele was not generated from a Mu stock that contains 
Q66-, Q67, B77- and B79-derived alleles (see Methods and Materials). Hence, it is not 
possible to determine with certainty its progenitor allele. However, the 5' UTR of gl8-Mu 
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94-1641-25 was PCR amplified and sequenced from plants homozygous for this allele and 
was found to be identical to G18-B73. In addition, DNA gel blot analysis using probe B 
revealed that gl8-Mu 94-1641-25 was indistinguishable from G18-B73 (Figure 4 lanes 6 and 
2, respectively). These results suggest that gl8-Mu 94-1641-25 either contains a minor 
rearrangement not detectable via RFLP analysis or has an insertion (or other mutation) 
outside of the 6.8-kb Hindlll fragment detected by the RFLP analysis. 
Although it was not possible to identify a Mu insertion in gl8-Mu 93B227, RFLP 
analysis of this allele shed some light on the nature of its molecular lesion. Lane 9 of Figure 
4 contains DNA from a pool of 10 progeny resulting from a cross between the inbred line 
W64 and a plant with the genotype gl8-Mu 93B227/gl8-ref (Cross 3). Analysis with probe B, 
revealed that this DNA sample contains two RFLP fragments. A comparison between lanes 
3 and 10 revealed that the gl8-ref and G18-W64 alleles are indistinguishable in this 
hybridization experiment and account for the smaller RFLP signal in lane 9. Hence, the 
larger RFLP signal in lane 9 must be derived from gl8-Mu 93B227. This RFLP differs from 
each of the four possible progenitor alleles of gl8-Mu 93B227: G18-Q67, G18-66, G18-B77, 
and G18-B79 (lane 1 and data not shown). Hence, gl8-Mu 93B227 may contain a novel Mu 
transposon that could not be amplified because it contains divergent TIR sequences or 
because sequence divergence near the insertion site of gl8-Mu 93B227 relative to the G18-
B73 derived primers may have impeded amplification. Alternatively, this allele may have 
resulted from another type of molecular rearrangement 
Non-canonical target site duplications: For most alleles, sequence analysis of the gl8/Mu 
PCR product derived from one side of the Mu transposon was sufficient to determine the Mu 
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insertion site and Mu identity. Nonetheless, to better define a novel transposon or to confirm 
apparent sequence anomalies, the g/S/A/w-flanking PCR products were sequenced from both 
sides of the Mu transposons associated with 14 alleles. Analysis of these 14 sequences 
revealed that four alleles (gl8-Mu 91gJ68, gl8-Mu 91gl69, gl8-Mu 91g213, and gl8-Mu 
91g239) did not have the characteristic 9-bp TSD (Figure 5). Each of these alleles was re-
amplified and sequenced from an independent batch of seedlings. In all instances results 
from the second analysis were in agreement with the first set of analyses. The sizes of the 5' 
and 3' Mu flanking PCR products from gl8-Mu 91gI68 were not in agreement with the 
predicted product sizes from any of the four progenitor allele, suggesting that this allele 
contained a deletion. Sequence analysis of both of these PCR products established the 
progenitor of gl8-Mu 91gl68 as G18-Q66 and revealed an apparent deletion of 232 bp from 
the Mu insertion site (Figure 5A). However, the PCR-based characterization performed here 
could not distinguish between a deletion and two closely linked (232 bp) Mul insertions. 
Such a structure was observed in the hcfl06-mum2 allele in which a second Mul transposon 
inserted 244 bp downstream of the original Mul insertion of the hcfl06-muml allele (DAS 
and MARTIENSSEN 1995). To distinguish between these two possibilities, PCR was 
performed using primers A/u-TIR and gl8a64, which lies in the predicted deletion. The 
observation that this PCR reaction failed to amplify a g/S-hybridizing product provides 
evidence that the gl8-Mu 91gl68 allele contains a 232-bp deletion rather than a double Mu 
insertion. Deletions adjacent to a Mu insertion have been observed to arise subsequent to 
initial insertion events at frequencies near 1% and are thought to result from aborted 
transposition events or illegitimate recombination between the transposon and the gene 
(LEVY and WALBOT 1991; reviewed by DAS and MARTIENSSEN 1995, RAIZADA et 
106 
al. 2001). Given this frequency, during the propagation of 79 alleles over multiple 
generations, the recovery of such a deletion would not be unexpected. 
Sequence data from one side of the Mu insertion of alleles gl8-Mu 9lgl69, gl8-Mu 
91g2I3 and gl8-Mu 9Ig239 established polymorphisms relative to each of the four 
progenitor alleles. For these alleles, sequence data were also obtained from the other side of 
the inserted Mu transposon. The progenitor of gl8-Mu 9Igl69 could be identified as G18-
B77 but contained a deletion of seven nucleotides from the 3' TSD followed by the insertion 
of four Cs directly flanking the Mu insertion (Figure 5B). Analysis of the Mu flanking 
sequence from gl8-Mu 9lg2l3 identified the progenitor as G18-Q67, but the 3' flanking 
sequence contains an A to C transversion in the second nucleotide position of the TSD 
(Figure 5C). Sequence analysis of the 3' PCR product from gl8-Mu 9lg239 identified the 
progenitor as G18-B79 and the Mu transposon as either Mu3 or Mu4. Sequence obtained 
from the 5' PCR product established that the inserted Mu transposon was Mu4. However, the 
TSDs on the two sides of this transposon were not identical due to an apparent deletion of a 
G from the 3' TSD (Figure 5D). 
Statistical analysis of target site sequences: Mu insertions occurred most frequently in an 
approximately 60-bp region between nucleotide positions 20 and 80 in the 5* UTR of the gl8 
gene. Depending on the progenitor allele, and after removal of gaps that were inserted to 
allow alignment of the sequences, the actual length of this region varies from 47 to 51 
nucleotides. A motif search of the B73-gl8 genomic sequence identified a five-base motif, 
CACNG, which appears frequently in this region of the 5* UTR that experienced the highest 
Mu insertion frequency. Also depending on the progenitor allele, the CACNG motif appears 
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between four and six times in this approximately 60-bp region with as many as five motifs 
arranged in tandem. Excluding the targeted Mu insertion region of the 5' UTR, CACNG 
motif appears at the expected frequency (~l/256bp) in the 3045 nucleotides of B73-gl8 
sequence between primers 3 and 10 (Figure 1). Therefore the non-random distribution of 
CACNG motifs in the gl8 gene mirrors the non-random insertion pattern of Mu transposons 
in the gl8 gene. 
A genetic algorithm was used to identify the sequence alignment that would 
provide the best consensus sequence for the Mu insertions sites identified in this study. 
Genetic algorithms create a population of solutions to a problem and use an iterative 
selection and variation process to identify good solutions. In this case, the goal is to 
determine for each insertion site, which of the two possible orientations provides the best 
alignment with all other insertion sites. The genetic algorithm does this by determining for 
each insertion site the orientation that maximizes the divergence from the background 
distribution of nucleotides. This maximization is performed by selecting alignments with 
high divergence scores in pairs and then applying variation operations (crossover and 
mutation) to the alignment to generate similar and possibly superior alignments (see Methods 
and Materials). 
The 35 unique insertion sites as defined by the 10 nucleotides 5' of the TSD, the 9-
bp TSD, and 10 nucleotides 3' of the TSD were analyzed in this fashion. Although each of 
the 71 Mu insertion sites listed in Table I is from an independent insertion event, to avoid 
biasing the data from sites with multiple insertion events, only a single instance of any given 
29-bp insertion site was used in this analysis. Figure 6 shows the orientations of the 
sequence alignments as selected by the genetic algorithm. 
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As shown in Table 2 the 35 insertion sites are GC rich and particularly low in T. 
This may be due, at least in part, to the GC richness of the gl8 gene. To normalize for this 
high GC content an expected nucleotide frequency was calculated based on the GC content 
of the combined insertion sites. Chi-square analyses where performed to identify positions 
that had significant deviations from the expected nucleotide composition. Within the TSD, 
Ts, Gs and Cs appeared at positions 2, 8, and 9, respectively, at significantly higher than 
expected frequencies. Position 4 has a lower than expected frequency of A. The conserved 
nucleotides at positions 2,8 and 9 and the weak consensus nucleotides at the other TSD 
positions are consistent with the reverse complement of consensus sequences reported by 
CRESSE et al. (1995) and HANLEY et al. (2000) (Table 3). 
Chi-square analyses of the 20 positions flanking the gl8 TSDs reveals a more 
significant nucleotide conservation than is observed within the 9-bp TSD itself. Five of the 
six positions directly flanking the 9-bp TSD have a nucleotide composition that differs from 
the expected nucleotide composition at the 99% confidence interval (Table 2 and Figure 6). 
These include conserved Cs, As and Gs at positions -2, +1 and +2, respectively, and 
significantly lower frequencies of C's at positions -1 and +3. Two of these conserved 
nucleotides, the -2 C and +2 G are particularly interesting given that they are complementary 
bases equidistant from the TSD. When this analysis was extended to include 50 nucleotides 
flanking either side of the Mu insertion additional positions with significant deviations from 
expected were not identified at rates higher than would be expected by chance (data not 
shown). 
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Analysis of RescueMu insertions sites: To determine if the non-random nucleotide 
composition observed among gl8 insertion sites is a common feature of Mu insertion sites 
across the genome, a large collection of RescueMu insertion sites was analyzed as described 
above for the gl8-Mu insertions sites. A total of 369 independent RescueMu insertion site 
sequences generated by the WALBOT laboratory were recovered from GenBank by 
identifying forward and reverse sequences from individual RescueMu events. Eighteen of 
these RescueMu insertion sites have TSD lengths other than nine bp (Table 4). An additional 
nine RescueMu insertion sites were recovered that contained mismatched TSDs (data not 
shown). Therefore, 315 RescueMu sequences remained after removal of these non-canonical 
RescueMu insertions sites and insertion sites that did not have at least 60 bp of sequence 
flanking each side of the TSD. These insertion sites (consisting of 60 bp flanking each side 
of the TSD plus the 9-bp TSD) were aligned using the genetic algorithm described 
previously. Table 5 contains the nucleotide composition and total Chi-square values for the 
10 positions flanking the TSD and the 9-bp TSD for the optimal RescueMu alignment. 
Within the TSD, six of the nine positions have nucleotides that differ from the expected 
nucleotide frequency at the 99% confidence interval and two of the remaining three positions 
have nucleotides that differ from the expected nucleotide frequency at the 95% confidence 
interval. The one remaining position (position 4) has a significantly lower than expected 
frequency of As. Position 4 was therefore designated as B, in accordance with IUB 
ambiguity code, in the RescueMu consensus TSD and in the combined consensus TSD. The 
9-bp consensus TSD for the RescueMu insertion sequences is 5' CTCBCAGAC 3' which is 
strikingly similar to the consensus 9-bp TSD from the glS-Mu insertion sites and the reverse 
complements of the CRESSE et al. (1995) and HANLEY et al. (2000) consensus TSDs. The 
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four consensus sequences shown in Table 3 can be combined into a single 9-bp consensus 
TSD of 5' C-T-C-B-G/C-A/C-G/A-A/G-C 3'. 
As was the case for the gl8-Mu insertion sites, the nucleotides with the highest 
deviations from the expected nucleotide composition were observed at the positions directly 
flanking the TSD. The three positions flanking either side of the TSD had a conserved 
nucleotide at the 99% confidence interval. These nucleotides are CCT at positions -1,-2 and 
-3 respectively, and AGG at positions +1, +2 and +3 respectively. Hence, the three position 
immediately flanking either side of the TSD are conserved for the paired 3-bp inverted 
repeats CCT and ATT. Therefore, each of the four conserved nucleotides identified from the 
gl8-Mu insertions is also conserved at its respective position in the RescueMu insertion sites. 
The larger size of the RescueMu data set, however, apparently allowed the additional 
conserved nucleotides to be identified. A plot of the total Chi-square at each of the 129 
positions reveals that nearly all the positions with significant deviations from the expected 
occur within a 15-bp region centered on the TSD and that the positions with the highest Chi-
squares directly flank the 9-bp TSD, particularly the -2 and +2 positions (Figure 7). 
Analysis of the RescueMu sequence alignment also revealed a significant 
difference between the nucleotide composition of the sequences to the left and right of the 
TSD (Figure 8a). GC profiles of the gl8 and bzl genes reveal that the preferred target site for 
Mu insertions also occurs at the interface between regions with low and high GC content 
(Figure 9). These data suggests that Mu transposons may have a preference for inserting into 
regions where DNA composition is transitioning from low to high GC content. 
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DISCUSSION 
Analysis of a collection of 79 gl8 mutant alleles derived from Mu stocks revealed 
the vast majority (at least 75/79) contained Mu insertions. Sixty-two of these 75 alleles had 
Mu insertions in the approximately 140-bp 5' UTR of the gene. These 62 alleles include 
numerous independent insertions at exactly the same nucleotide positions of the 5' UTR. 
This provides strong evidence not only for the targeting of Mu transposons into the 5' UTR 
of the gl8 gene but also into specific positions within the 5' UTR. Although the genetic 
screen used to isolate the gl8~Mu alleles ensured that each allele arose via an independent 
transposition event, the independence of alleles that contain Mu insertions at the same 
nucleotide positions was further confirmed by their: 1) distinctive transposon identities; 2) 
transposon orientations; and 3) the wild-type progenitor alleles. For example, of the 15 
independent Mu insertions at position 67, four are MuDR and 11 are Mul. Of the 11 Mul 
insertions, six are oriented left to right and five are oriented right to left. In addition, these 11 
Mul-induced alleles were derived from both Q67 and B79 progenitors. Hence, this 
collection of gl8 alleles provides convincing evidence for the preferential insertion of Mu 
transposons into specific regions of a maize gene. 
Because each of the gl8-Mu alleles in this study was selected based on the 
presence of a mutant phenotype, it is likely that the observed distribution of Mu transposons 
in this collection does not represent a random sampling of insertion events in the gl8 gene 
because insertions into introns or the 3' UTR may not have resulted in a mutant phenotype. 
However, this phenotypic selection cannot explain the clustering of multiple independent Mu 
insertions in the 5' UTR because Mu insertions elsewhere in the gl8-coding region also yield 
mutant phenotypes but were recovered at much lower frequencies. Analysis of Mu insertions 
112 
alleles from a reverse genetics screen that did not depend upon phenotypic selection would 
provide a useful comparison. However, Mu-based reverse genetic screens typically do not 
yield a sufficient number of alleles per gene to provide evidence of targeting. 
Another advantage of working with a defined set of independent insertion alleles 
generated from a related Mu stock is that alleles are not limited to ones that can be amplified 
by primers specific to known TIR sequences. If alleles are present in the collection that 
cannot be amplified with the Mu-TIR primer, insertions in such alleles can still be identified 
by DNA gel blot hybridization. Of the 79 gl8-Mu alleles analyzed in this study, only one 
allele failed to amplify with the Mu-TIR primer and was shown by gel blot analysis to have 
an insertion. This suggests that most, if not all, of the active Mu transposons present in at 
least the SCHNABLE lab Mu stocks have now been identified. 
Of course, different Mu stocks may contain additional active Mu transposons. 
In addition, because 72 of the 75 gl8-Mu alleles in which a Mu transposon was 
identified were derived from related Mu stocks maintained by the SCHNABLE lab, the 
insertion frequency of each Mu transposon can be compared. Of the 72 insertion from the 
SCHNABLE lab Mu stock, 41 were generated by insertions of Mul, 18 by MuDR, three by 
Mu8, one by Mu2, one by Mu4, one by MulO, five by Mul I and two by Mul2. The 
overwhelming majority (59/72 or 82%) of these insertions were of the two transposons that 
are typically most common in Mu stocks, Mul and MuDR. The typically less common Mu2, 
Mu4 and Mu8 transposons were responsible for relatively few of the gl8-Mu alleles. Hence, 
insertions in the gl8 gene seem to occur at frequencies proportional to their abundance in 
typical Mu stocks. This is in contrast to observations involving other maize genes that appear 
to be preferentially targeted by specific Mu transposons. For example, all but two of the 24 
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Mw-induced bzl alleles that have been characterized (TAYLOR et al. 1986; BROWN et al. 
1989; HARDEMAN and CHANDLER 1989, 1993; SCHNABLE et al. 1989; BRITT and 
WALBOT 1991; DOSEFF et al. 1991; CHANDLER and HARDEMAN 1992) contain Mul 
or Mul-del insertions. Analyses of eight Mu-induced shl alleles and nine A/u-induced knl 
alleles suggest these genes may be more susceptible to MuDR (HARDEMAN and 
CHANDLER 1993) and Mu8 (GREENE et al. 1994) insertions, respectively. It is of course 
possible that these apparent differences in susceptibility to insertion of particular classes of 
Mu transposons may be artifacts resulting from the small number of alleles analyzed or may 
reflect differences among the Mu stocks used to isolate these alleles. 
The novel Mu transposons MulO, Mull, and Mul2 were found as new insertions 
from an active Mu line and have characteristics typical of Mu transposons such as conserved 
TIRs and the ability to generate 9-bp TSDs upon insertion. The partial TIR sequences from 
Mul0, Mul 1, and Mul2 exhibit a high degree of identity to TIRs from known Mu 
transposons but are clearly distinct from each other and all previously identified Mu TIR 
sequences. Of the 39 bp of sequence obtained from these TIRs, 18 nucleotides are conserved 
among all Mu TIRs. Eight additional positions that are identical in the TIRs of Mul, Mu2, 
Mu3, Mu4, Mu5, Mu7/rcy, Mu8 and MuDR are not conserved among the TIRs of MulO, 
Mull, and Mul 2. Four of these eight divergent positions are part of the predicted MURA 
transposase-binding site that extends from nucleotides 25 to 56 (BENITO and WALBOT 
1997). Due to the placement of the A/k-TIR primer used in this experiment only a small part 
(nucleotides 25-39) of the predicted MURA binding site could be recovered and analyzed. A 
high degree of conservation in this predicted binding site is thought to be required for MURA 
binding because MURA fails to bind in vitro to the divergent left TIR of the apparently 
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inactive Mu5 transposon (BENITO and WALBOT 1997). However, the identification of 
MulO, Mul 1 and Mul2 as new insertions from a Mu stock suggests that MURA can bind to 
the divergent TIRs of these Mu transposons. Isolation of the complete TIR sequences and the 
internal sequences of MulO, Mull and Mul2 may significantly enhance our understanding of 
MURA binding specificity and Mu activity in general. 
The identification of only three previously uncharacterized Mu transposons in this 
study suggests that the number of active Mu transposon family members is relatively small. 
Previous studies using DNA gel blotting to compare hybridization patterns obtained with Mu 
TIR specific probes to patterns obtained from probes specific to the internal regions each of 
the cloned Mu transposons suggested that only 50-60% of the Mu TIRs in the genome are 
associated with known Mu transposons (HARDEMAN and CHANDLER 1989). If Mu 
transposons insert at rates proportional to their abundance in Mu stocks, as the data presented 
in this study suggest, the three novel Mu transposons identified in this study would not 
account for the 40-50% of Mu TIRs not associated with previously cloned Mu transposons. 
Hence, there are probably a large number of Mu transposons that are not actively inserting 
into genes. Mu5 may be an example of such an inactive transposon because no Mu5 
transposons have ever been found to have caused a mutation by inserting into a gene 
(TALBERT et al. 1989). Earlier reports suggested that Mu4 might also be inactive 
(TABLERT et al. 1989). The identification of a putative Mu4 insertion in gl8-Mu 91g239 
suggests that Mu4 may indeed be active, although the possibility that a novel Mu transposon 
with the same TIR sequences as Mu4 inserted into gl8-Mu 91g239 cannot be excluded. 
Small insertions, deletions, and single-nucleotide substitutions in TSDs, such as 
the ones associated with these gl8-Mu alleles have been identified previously in revenant 
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alleles resulting from transposon excision (reviewed by SAEDLER and NE VERS, 1985) and 
in somatic excision products of Mu transposons (DOSEFF et al. 1991, BRITT and WALBOT 
1991). However, the aberrant insertion sites of several gl8 alleles (Figure 5), are to our 
knowledge, the first reports of aberrant insertion sites (excluding deletions such as that of 
gl8-Mu 9lgl68) flanking resident Mu transposons. In addition to the non-canonical TSDs in 
the gl8-Mu insertion collection, 18 RescueMu insertion sites with TSDs other than 9-bp were 
identified from the 369 RescueMu insertion sites obtained from GenBank sequences (Table 
4). The 6, 7, and 8-bp TSDs are likely the result of 1 to 3 nucleotide deletions from one of 
the original 9-bp TSDs. These insertion sites are therefore similar to the insertion site of gl8-
Mu 91g239 that has an 8-bp TSD that appears to have resulted from a deletion of a G from 
the right TSD. The 10-bp TSDs could result from the addition of a single nucleotide at one 
of the TSD/TIR borders that, by chance, matched the corresponding nucleotide in the 
opposite flanking sequence. Alternatively, the 10-bp TSD could result from a 10-bp 
duplication instead of the typical 9-bp duplication. These two possibilities can not be 
distinguished because the progenitor sequences are not available for the RescueMu insertions. 
In addition, sequencing errors can not be ruled out as the cause of the non-canonical TSD 
associated with the RescueMu insertion sites. However, it is unlikely that all of the variation 
in RescueMu TSD length is a consequence of sequencing errors. This can be inferred from a 
higher frequency of recovery of TSDs with variations in length (18/369) than the frequency 
of recovery of insertion sites with mismatched TSDs (9/369), which provides an upper bound 
for sequencing errors. The recovery of non-canonical TSDs flanking both resident Mu and 
RescueMu transposons suggest that such TSDs can result from aberrant insertion events 
although aborted transposition events can not be ruled out. Variation in TSD length has been 
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reported from A/zv-like transposons in Arabidopsis (YU et al. 2000) and rice (TURCOTFE et 
al. 2001) but has not been previously reported for Mu transposons. 
The tendency for Mu transposons to preferentially insert into genie regions has 
now become fairly well established (HANLEY et al 2000; RAIZADA et al. 2001) yet the 
mechanism for this preference is not clear. Prior analyses of the 9-bp TSDs that occur at the 
site of Mu insertions have produced similar consensus sequences (CRESSE et al. 1995, 
HANLEY et al. 2000). This study reports two additional consensus sequences from 
independent collections of Mu insertion sites that are strikingly similar to those reported 
previously. Consistencies among these consensus sequences derived from independent 
collections of Mu insertion events suggest some biological significance to the consensus 
sequences. The most obvious characteristic of these consensus sequences is that they are GC 
rich. It is not yet clear, however, whether this GC-richness is a cause or an effect of the 
tendency of Mu transposons to insert into genes, which are themselves, typically GC rich 
(SALINAS et al. 1988, CARELS et al. 1998). 
The composition of the sequences flanking TSDs have not been reported in 
previous studies involving Mu target sites. Statistical analyses performed in this study, 
however, identified several highly conserved nucleotides in the positions directly flanking the 
9-bp TSDs of both the gl8-Mu and RescueMu insertion sites. Each of the three positions 
flanking both sides of the TSD from the RescueMu insertion sequences had a consensus 
nucleotide that differed from its expected nucleotide frequency at the 99% confidence 
interval. In particular, the conservation of the complementary C and G at positions -2 and +2 
is very common in these data sets. For example, each of the three gl8 target sites that 
experienced the highest numbers of independent Mu insertion events (nucleotide positions 
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67, 77, and 33, which had 15,9 and 7 insertions, respectively) has a -2 C and a +2 G. In 
addition, the two other reported sites of multiple independent Mu insertions, three bzl alleles 
(ibzl-rcy, bzl-mul, and bzl-A58) and two Knl alleles (Knl-mum7 and Knl-muml), also have 
the conserved -2 C and +2 G. This conservation of C and G at the -2 and +2 position 
appears to hold true for other collections of Mu insertions as well. For example, re-analysis 
of the insertion sites of the 23 Mu insertion alleles reviewed by CHANDLER and 
HARDEMAN (1992) revealed that 12 have both a C and a G at positions -2 and +2 and all 
but two of these insertion sites have either a C at -2 or a G at +2. In addition, of the 13 
randomly isolated Mu insertion alleles reported by CRESSE et al. (1995) in which flanking 
sequences were reported for both sides of the Mu insertion, six had a C and a G at positions 
-2 and +2 and all 13 had at least a -2 C or a +2 G. 
Combining the three conserved nucleotides flanking the TSD with the consensus 
9-bp TSD (from the RescueMu sequences) generates a 15-bp consensus target site for Mu 
insertions of 5' CCT::CTCBCAGAC::AGG 3'. This 15-bp target site includes five pairs of 
complementary nucleotides. Although it is tempting to speculate that this target site could 
allow for the formation of a hairpin loop that could serve as a recognition site for Mu 
insertion (Figure 10), individual insertions sites from the gl8-Mu and RescueMu data rarely 
include inverted repeat structures that would allow such hairpins to form. However, to 
determine whether DNA secondary structure may play some role in Mu insertion 
preferences, measurements of physical properties of DNA such bendability (BRUKNER et 
al. 1995), A-philicity (LU et al. 2000), B-DNA twist (GORIN et al. 1995) and protein-
induced deformability (OLSON et al. 1998) were determined. Analysis of these physical 
properties in DNA flanking 467 P element insertion sites revealed significant differences in 
118 
each of the properties as compared to random DNA (LIAO et al. 2000). Although this type 
of analysis is not appropriate for the collection of gl8 insertion sites because each allele, 
although independent, is from the same gene, a similar analysis of the data from the 
RescueMu insertion sites was performed. As with the P element insertion sites, RescueMu 
insertion sites showed significant differences in each of the physical properties at insertion 
sites compared to random DNA (Figure 8). An increase in bendability of DNA is associated 
with susceptibility to DNA cleavage. For example, regions of DNA that are prone to 
cleavage by DNasel have been shown to have increased bendability (BRUKNER et al. 
1995). In addition, bent DNA has been show to create favorable sites for retroviral 
integration (MULLER and VARMUS 1994) as well as for mariner DNA transposon 
insertion (LAMPE et al. 1998). The propensity for DNA to be in the A-DNA versus B-DNA 
form also influences DNA-protein interactions (OTWINOWSKI et al. 1988). A-DNA is 
more relaxed than the more common B-DNA form and therefore the sizes of the major and 
minor grooves differ between A and B-DNA. In addition, A-DNA is thought to allow 
increased hydrogen bonding while B-DNA may allow interactions with larger exocyclic 
groups such as NH2-NH2 (GORIN et al. 1995). B-DNA twist and A-philicity are 
independent methods to determine the propensity of DNA to form A-DNA. The low B-DNA 
twist and low A-philicity at the RescueMu insertion sites indicate that hydrogen bonding may 
not be significant in binding of proteins involved in Mu transposition to the target site. 
Protein-induced deformability measures the change in DNA conformation in response to 
protein binding. The significant differences in protein-induced deformability at the 
RescueMu insertion sites are an indication that the conformation of insertion sites has the 
potential to change in response to protein binding. In summary, these results suggests that, 
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like P elements, Mu transposons may rely, at least to some extent, on DNA secondary 
structure to select insertion sites. However, although RescueMu transposons appear to mimic 
the behavior of natural Mu transposons in all aspect thus far studied (RAIZADA et al. 2001 ; 
and this study), because RescueMu transposons are not natural Mu transposons, conclusions 
about Mu insertion preferences can not be made based solely on sequences recovered from 
RescueMu. 
The identification of conserved nucleotides at positions directly flanking the 9-bp 
TSD in the collection of gl8-Mu insertion sites and confirmed by analysis of RescueMu 
insertion sites does not offer an explanation for the dramatic targeting of Mu transposons to 
the 5' UTR of gl8. For example, the gl8 5' UTR does not contain a perfect consensus site that 
could explain the targeting. The only obvious feature of the gl8 sequence that appears to be 
well correlated to increased Mu insertion frequency is the presence of tandem repeats of a 
CACNG motif. Although the correlation between the occurrence of the CACNG motifs and 
high Mu insertion activity in the gl8 gene is quite high, the challenge is to determine if the 
correlation is merely by coincidence or if there is a biological significance to the correlation. 
If the correlation has biological significance, then sequences associated with other regions 
that experience preferential Mu insertion would also be expected to have a high frequency of 
CACNG motifs. Unfortunately, only three additional regions have been identified that may 
have potential insertions preference for Mu transposons. These regions occur in the knl, bzl 
and adhl genes (reviewed by BENNETZEN 1993). CACNG motifs are not found in tandem 
repeats in any of these genes and, in addition, CACNG motifs were not found at increased 
frequencies among the RescueMu insertion site sequences. Hence, the correlation between 
preferential Mu insertion and CACNG motifs in the gl8 5' UTR appears to be coincidental. 
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GC profiles were also compared among gl8 and the three other genes that have 
possible preferential sites for Mu insertion. The preferential Mu insertion sites for gl8 and 
bzl occur in a transition region between low and high GC content (Figure 9). A similar 
pattern in the GC profiles in the preferred insertion region of knlov adhl was not observed. 
However, the fact that the knl and adhl alleles were selected based on their ability to 
condition dominant and partial inactivation phenotypes, respectively, may have been the 
driving force for the observed targeting in these genes (reviewed by BENNETZEN 1996). 
The collections of gl8 and bzl alleles are also biased by their ability to condition a mutant 
phenotype, however, although insertions can be recovered throughout the coding regions, 
there is an apparent bias in both genes for Mu insertion into specific regions of the genes that 
are transitions between regions of low and high GC content. The average GC profile of the 
RescueMu insertion sites also show a statistically significant difference in GC content of the 
left and right flanking sequences indicating that RescueMu transposons also tend to insert 
into transition regions in GC content. The large difference in GC content between the AT 
rich 5* region of gl8 and the exceptionally GC rich region of exon I may offer an explanation 
for the dramatic targeting of Mu insertions into the 5' UTR of gl8. 
This suggests that Mu preferential insertion may be a common phenomenon within 
the maize genome but it has not been previously detected due to the manner in which Mu 
insertion data is obtained and analyzed. For example, a recent analysis of 80 Mu flanking 
sequences selected from a collection of 761 random Mu insertions did not find a preference 
for Mu insertion in coding verses non-coding regions within transcribed sequences 
(HANLEY et al. 2000). One possible explanation for this discrepancy is that the 80 Mu 
flanking sequenced used in the analysis by HANLEY et al. (2000) were selected based on 
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their sequence similarity to ESTs. Because EST collections are typically enriched for 3' 
sequences, Mu insertions in 5' regions may have been systematically excluded from the 
HANLEY et al. (2000) study. This may be especially significant as large transitions in GC 
content may be more common in the 5' regions of genes as a result of the tendency for 5' 
regions to be AT rich as opposed to the GC richness of the first exon. In addition, only 
unique insertion sites were selected for the HANLEY et al. (2000) analysis. Therefore, 
multiple insertion events, such as those observed for the gl8 gene, would not have been 
included in the analysis. Another possibility is that while insertion hot spots exist in some 
genes, they may not always occur in the same regions of all genes. This would explain why 
collections of randomly isolated Mu insertions, associated with many different genes do not 
show insertion-site preferences, while collections of alleles isolated from at least some single 
genes show insertion-site preferences. Hence a more frequent occurrence of Mu insertion 
hot-spots can not be ruled out based on the available collections of Mu insertion events. 
However, it also can not be excluded that the targeting observed is unique to gl8 and is a 
consequence of properties inherent of gl8 such as its map position, expression pattern or 
chromatin structure. 
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FIGURE LEGENDS 
FIGURE 1. gl8 gene structure. Coding regions are represented as black boxes and 5' and 3' 
UTRs are shown as gray boxes. The approximate positions and orientation of 16 g/5-specific 
primers used to characterize gl8-Mu alleles are indicated as arrows on a 6.8-kb Him1III 
fragment isolated from the B73 genomic clone X1545-38. Positions of probes A and B are 
shown below the genomic clone. Primers are designated as follows: 1, gl8a54; 2, gl8a61; 3, 
gl8a58; 4, gl8a62; 5, 8a2840; 6, gab457; 7, gab812; 8, g24he.p4; 9, 8a2637; 10, glSain; 11, 
gab869; 12, gab830; 13, xx022; 14, mcd696; 15, gl8a51; 16, gl8a59; The indicated restriction 
sites are: H, ///mill I; S, Socl. 
FIGURE 2. Mu transposon insertion sites in 75 independent gl8-Mu insertion alleles. The 
gl8 gene structure shown is based upon the G18-B73 allele with corresponding 5* UTR 
sequences provided for each of the four progenitor alleles that exist in the SCHNABLE 
laboratory Mu stock. Triangles indicate Mu insertion sites; the 62 insertion sites within the 5' 
UTR and the three insertions between position -11 and —4 are shown at the 5' side of the 9-
bp TSD. MuDR insertions are indicated by gray triangles and Mul or *Mul (see Table 1) are 
indicated by black triangles. Open triangles designate transposon insertions other than Mul 
or MuDR. Solid circles indicate the positions of the right TIRs for those transposons for 
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which orientation was determined. Numbers directly above or to the right of insertions 
identify alleles as listed in Table 1. Alleles with non-canonical insertion sites are indicated 
by asterisks and only their approximate insertion sites are indicated. Nucleotide positions are 
numbered with respect to the beginning of an apparently full-length gl8-B73 cDNA clone 
(XU et al. 1997). The translation start codon is shown in bold near position 140. Gaps (-) 
were inserted where necessary to optimize the alignment of the four sequences. These gaps 
represent insertion/deletion polymorphisms (IDPs) and underlined bases designate single 
nucleotide polymorphisms (SNPs). A silent substitution at nucleotide 199 introduces an 
additional polymorphism that was used to identify the progenitor alleles of the 5' insertion 
alleles. CACNG motifs in the 5' UTRs are boxed. A solid bar below position 20 to 80 
indicated the region of highest Mu insertion activity. 
FIGURE 3. Comparison of the terminal 39 nucleotides of 22 Mu TIR sequences. 
Consensus 1 was derived from the TIRs of Mul, Mu2, Mu3, Mu4, Mu5, Mu7, Mu8, and 
MuDR only. Consensus2 was derived from all 22 TIR sequences. Nucleotides in the 
consensus lines are underlined if that position is invariant among the TIRs included in the 
consensus line. Nucleotides in the consensus line that are not underlined are well conserved 
(i.e. no other nucleotide is present more than twice at that position). Positions that do not 
have an invariant or a well-conserved nucleotide are indicated in the consensus Une by their 
IUB ambiguity codes (M, R, S, V, W, and Y). Nucleotides present only one or two times at a 
position were not considered when assigning ambiguity codes. Nucleotides that do not 
conform to consensus 1 are shaded. Asterisks indicate eight positions that are invariant in the 
TIRs of Mul, Mu2, Mu3, Mu4, Mu5, Mu7/rcy, Mu8 and MuDR (consensus 1) but are no 
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longer invariant when the TIRs of the newly defined MulO, Mul 1 and Mul2 transposons are 
considered (consentis!). 
FIGURE 4. DNA gel blot analysis of six gl8-Mu alleles. Approximately 10 ug of ///«(Un­
digested genomic DNA was loaded per lane and hybridized with probe B (Figure 1). Lanes 
1,2 and 10 contain DNA from inbred lines Q67, B73, and W64A respectively. Lane 3 
contains DNA from a stock homozygous for the gl8-ref allele. Lanes 4-8 contain DNA from 
stocks homozygous for the designated gl8-Mu alleles. Lane 9 contains DNA from gl8-Mu 
93B227 isolated from a bulk of 10 progeny from Cross 3. 
FIGURE 5. Insertion site sequences of four non-canonical Mu insertions. Gray triangles 
indicate MuDR transposons and the open triangle represents a Mu4 or Mu4-like transposon. 
Numbers above triangles indicate allele numbers as shown in Figure 1 and Table 1. 
Underlined text indicates aberrant TSDs. gl8-Mu 9lgl68 contains a 232-bp deletion from 
the gl8 5' region with no TSD. gl8-Mu 91gl69 contains a seven-nucleotide deletion from the 
3' TSD followed by an insertion of four Cs leaving only a 2-bp TSD. gl8-Mu 91g2l3 has a 
mismatch in the 9-bp TSD. The 3' duplication has an A to C transversion. gl8-Mu 91g239 
has a single nucleotide deletion from the 3' TSD resulting in an 8-bp TSD. 
FIGURE 6. Alignment of the 35 unique insertion sites from Table 1. A) The upper sequence 
illustrates an example of an insertion site as present in a gl8-Mu allele. The underlined 
sequence indicates the 9-bp TSD and the triangle represents the Mu transposon. The lower 
sequence illustrates the target site as present in the corresponding progenitor allele. The nine 
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nucleotides in the TSD are designated as positions 1 to 9. The 9-bp TSD is separated from 
each set of flanking sequences by a double colon. The 10 nucleotides 5' to the TSD are 
designated positions -1 to -10 and the 10 nucleotides 3' to the TSD are designated as 
positions +1 to +10. B) The DNA strand shown for each of the 35 independent insertion sites 
is the strand that gives the most nonrandom nucleotide composition as determined by the 
genetic algorithm (see Materials and Methods). DNA strands oriented 5' to 3' with respect to 
the gl8 gene are indicated with an F and sequences in which the opposite strand was selected 
are indicated by R/C. The four positions identified in Table 2 as having significant 
deviations from the expected nucleotide frequency at the 99% confidence interval are shaded. 
The number to the right of each sequence indicated the number of gl8-Mu allele with that 
identical 29-bp insertion site. 
Figure 7. Chi-squares were calculated at each of the 129 positions for the 315 aligned 
RescueMu insertion sequences that consisted of the TSD and 60 bp flanking each side of the 
TSD. The symbol ** indicates the cut-off at the 99% confidence interval with three degrees 
of freedom. The 15-bp target site (TSD +6) is indicated by a shaded box and the -2 and +2 
positions which have the highest Chi-square values are indicated. 
Figure 8. Profiles of GC content (A), bendability (B), B-DNA twist (C), A-philicity (D), and 
protein-induced deformability (E) of the 315 RescueMu insertion sites. The average values 
of GC content and bendability were calculated using a window size of 3 bp and a shift 
increment of one; A-philicity, protein-induced deformability, and B-DNA twist were 
calculated using a window size of 2 bp and a shift increment of one as described at 
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http://www.fhiitflv.org/~guochun/pins.html. The solid line represents data from the 
RescueMu insertion sequences. The dashed line represents the average of 315 129-bp cDNA 
fragments that were randomly selected from maize ESTs. Black boxes indicate positions 
within the 15-bp target site that are significantly different from random DNA as determined 
by t-test analysis with p<0.05. 
Figure 9. GC content profiles from gl8 and bzl suggest that GC content may influence Mu 
insertion preferences. GC profiles were generated with the WINDOW algorithm of GCG 
sequence analysis package. A window size of 100 bp and a shift increment of three were 
used. Each GC profile is overlaid with a schematic of the appropriate gene structure. The 
regions of each gene that have experienced high rates of Mu insertion are shaded. Sixty-two 
of the 75 gl8 alleles analyzed in the study contain insertions in the shaded region. Mu 
transposons from each of the four bzl alleles that have been positioned by sequencing 
inserted in the shaded region shown in the bzl gene. Genomic sequence of bzl was obtained 
from GenBank X135000 and 5' and 3' UTRs were determined from the bzl cDNA 
(GenBank XI3502). 
Figure 10. Potential hairpin loop formed by base pairing within the 15-bp target site centered 
on position 5 of the 9-bp TSD. The nine positions that represent the TSD are boxed. 
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TABLE I 
Seweery ofTIgO-We Iwetdee eldei 
A** 
« 
GIT-MM lh 
Tenia* PregeeH 
ifck " *i leeertieee site
1 
MA MM 
»' o rite ti tic 
Geek 
*' rafoe* 
I 75-5074-22 R ND AAGATGGCAT : : CCATCAGGA : : AGTCTTCCTT AA,/ F EXON3 
2 77-3134-48 R ND ATCCCCTCTA: -.CTCCGTCTA: rCGCCCCTACC Myl R EXON1 
3 78-1841-47 R ND QTCTACGCCG: :CTACCAAAG: tCGTGAGCTCC Mut R EXON1 
4 83-8123-7 R 067 CACCOCACCG : : CACTGCATC : : GGTCGCCAGC Mul F 5'UTR 
5 87-2550-8 R 066 GGCAGGCACA : -.CCGCACCGC:  ACCGCACCCG 'Mu/ R 5-UTR 
6 88-3142-4 R 877 TCCTCCAGCT: :CCCCAAATC: :ACACTCCGCC MH8 R 5'UTR 
7 90-2940-A R 879 CACCGCACCG : : CACTGCATC: : GGTCGCCAGC 'Mul R 5'UTR 
8 90-3230-5 R 879 ATAAGCTCGA : :CACAGGGGC: : AGGCACACCG Mul F 5'UTR 
9 91-2136-36 R 877 GCCGAGCCCT: iGCTCTCTCC: tTCCAGCTCCC Mul F 5'UTR 
10 91g-6079-25 R 066 GGCAGGCACA : : CCGCACCGC: : ACCGCACCCG Mul F 5'UTR 
II 92-1205-80 R 877 CTTATAAGCT : :AAGCTCGAC: : ACACGGGCAG •Mul R 5'UTR 
12 92-1253-64 R Q67 CCTCGACACA : -.GGGGCAGGC: :ACACCGCACA Mul F 5'UTR 
13 92g-4908-27 R Q66 GCTCGACACA: : GGGGCAGGC: -.ACACCGCACC 'Mul F 5'UTR 
14 94-1480-26 R 879 TCCACCCACC : : ACCGGATAT: : AGGTCA TGCC MuDR ND 5" Region' 
15 94-1641-25 R ND No insercion detected 
16 9lg 157 D B77 CCTCGACACA : :GGGGCAGGC::AGGCACACCG 'Mul R 5'UTR 
17 9lg 159 D ND No insertion detected 
18 9lg 160 D 877 CCCCAAATCA: rCACTCCGCC: -• ATGRCCGRCA Mul R 5'UTR 
19 9lg 161 D Q66 ATAAGCTCGA i :CACAGGGGC : : AGGCACACCG 'Mul R 5'UTR 
20 91g 163 D 877 CCTCGACACA : : GGGGCAGGC: : AGGCACACCG MuDR ND 5'UTR 
21 9lg 164 D 877 TCGGTCGCCA : :GCCGAGCCG : lAGCCCTGCTC 'Mul R 5'UTR 
22 9lg 168 D Q66 See Figure 5 MuDR ND 5" Region* 
23 9lg 169 D 877 See Figure 5 MuDR ND 5'UTR 
24 9lg 170 D 877 GTTCCACCCA : rCCACCGGAT: : ATAGGTCATG MuDR ND S Region* 
25 9lg 171 D 066 ACCCGCATCC : : GTCGCCAGC : : CGAGCCGAGC 'Mul R 5'UTR 
26 9lg203 0 Q67 CACCGCACCG : - CACTGCATC: : GGTCGCCAGC Mul F 5'UTR 
27 91*204 D B77 CACCCCATCG : : GTCGCCAGC: : CGAGCCGAGC 'Mul R 5'UTR 
28 91 g 205 D 877 GCTCGACACA : : GGGGCAGGC: : AGGCACACCG Mul F 5'UTR 
29 9lg208 D 877 GCTCGACACA : : GGGGCAGGC: : AGGCACACCG 'Mul R 5'UTR 
30 91g209 D 067 IWrrrrriT; .-AAfiCTCGAC.- îACAfiCGRCAG MulO F 5'UTR 
31 91*210 D 877 GCTCGACACA : : GGGGCAGGC: : AGGCACACCG Mul F 5'UTR 
32 91*211 0 067 CCCCAAATCAî ÎCACTCCGCCÎ îATGGCCCîGCA Mull F 5XITR 
33 91*212 D ND CTTCTGATCC: :GCTCTACTC: :CGTCTACGCC Mull R EXON 1 
34 91*213 D Q67 See Figure 5 MuDR ND 5'UTR 
35 91*214 D 066 ATAAGCTCGA : -.CACAGGGGC: : AGGCACACCG •Mul R 5'UTR 
36 91*215 D 067 No insertion detected 
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Bryef"7»s#Mfe MHifcla 
AB* Ma Ma 
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t*-Ma alh Je 
rf* (Me m leeertiees iltf Imertlw •* erfcatai Km' reaW 
37 91*216 D Q67 TCCTCCAGCT: : CCCCAAATC : -.ACACTCCGCC Mh!2 ND 5'UTR 
38 91*217 D Q67 TATAAGCTCG :  :ACACAGGGG: : CAGGCACACC Mai F 5UTR 
39 91*219 D Q66 ACCCGCATCG ; : : GTCGCCAGC: : CGAGCCGAGC •Mai R 5'UTR 
40 91*220 D 879 CACCGCACCG : : : CACTGCATC: : GGTCGCCAGC •.Mai R 5'UTR 
41 91*228 D 879 CACTOCATCG :  :GTCGCCAGC::CGAGCCGAGC MaDR ND 5'UTR 
42 91*229 D 879 CACCGCACCG:  CACTGCATC: rfifiTCGCCAGC Mat R 5'UTR 
43 91*230 0 ND GAGTTCCTCC ; : .-GCGCGCAGC: :CGGCGTGGGC Mill R EXON 1 
44 91*231 D 877 AAGCTCGACA :  : CACGGGCAG : : GCAGGCACAC Mai F 5'UTR 
45 91*232 D 879 ATAAGCTCGA :  :CACAGGGGC: : AGGCACACCG Mai F 5'UTR 
46 91*233 D 879 CACTGCATCG : : GTCGCCAGC: : CGAGCCGAGC MaDR ND 5'UTR 
47 91*235 D Q67 CCTTATAAGC : : TCGACACAG : :GGGCAGGCAC Mall R 5'UTR 
4* 91*238 0 <266 CCTTATAAGC: :TCGACACAG: rRGGCAGGCAC Mall F 5'UTR 
49 91*239 D 879 See Figure 5 Ma4 ND 5'UTR 
50 91*240 0 Q66 TCGCCAGCCG : :AGCCGAGCC: .CTGCTCTCTC MaDR ND 5'UTR 
51 91*241 D Q67 TCCTCCAGCT:  CCCCAAATC : : ACACTCCGCC Mul2 F 5'UTR 
52 91*248 0 877 CAGGCACACC : :GCACCGCAC: :CGCATCGGTC MaDR ND 5'UTR 
53 938 141 D 879 CACCGCACCG : :CACTGCATC: :GGTCGCCAGC Mai F 5'UTR 
54 938 142 D 879 CACCGCACCG : :CACTGCATC: :GGTCGCCAGC MaDR ND 5'UTR 
55 938 144 0 066 GCTCGACACA : : GGGGCAGGC : : ACACCGCACC Mai F 5'UTR 
56 93B 145 D 879 CACCGCACCG : : CACTGCATC: : GGTCGCCAGC •Mai R 5'UTR 
57 938 146 D 066 GCAAAAAACT: :TTCACTGTA: -.AGGCGTACTG MaS R INTRON 1 
58 938 147 D 877 AGGCACACCG : :CACCGCACC: :GCATCGGTCG Mai F 5'UTR 
59 938 148 D ND GGCCGTGCGC ::GCCGCCGCC::CGCTTCGCGC Mat F EXON 1 
60 938 150 D 877 CACCGCATCG : : GTCGCCAGC: : CGAGCCGAGC MaDR ND 5'UTR 
61 938 151 D ND CCGAGTCCCT : :TATCGACAG: :CGTGCGCCTG Ma2 F EXON 3 
62 938 152 D 879 CACCGCACCG : : CACTGCATC: : GGTCGCCAGC MaDR ND 5'UTR 
63 938 153 D 877 CACCGCATCG : : GTCGCCAGC: : CGAGCCGAGC •Mai R 5'UTR 
64 938 154 D 066 CACCGCACCG : :CACCCGCAT: : CGGTCGCCAG Mai F 5'UTR 
65 938 155 D ND GATTGGCTCG:  tATTCTAGGA: îTAGATGGCTT MaDR ND INTRON l 
66 938 156 D 879 CACCGCACCG : : CACTGCATC : : GGTCGCCAGC Mat F 5TJTR 
67 938 158 D 879 CACCGCACCG : : CACTGCATC : : GGTCGCCAGC Mai F 5'UTR 
68 938 159 D 879 CACCGCACCG : : CACTGCATC: : GGTCGCCAGC •Mat R 5'UTR 
69 938 161 D 877 GCTCGACACA : .-CGGGCAGGC:  AGGCACACCG Mat F 5'UTR 
70 938 162 D 879 CACTGCATCG : : GTCGCCAGC: : CGAGCCGAGC MaDR ND 5'UTR 
71 938 164 D 877 CACCGCATCG : :GTCGCCAGC:: CGAGCCGAGC MaDR ND 5'UTR 
72 938 181 D 877 TCCTCCAGCT : : CCCCAAATC:  ACACTCCGCC MaS R 5'UTR 
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73 93B 189 D B77 CACCGCACCG : : CACCGCATC : : GGTCGCCAGC Mm! R S'UTR 
74 93B226 D B79 CACCGCACCG: : CACTGCATC: : GGTCGCCAGC Mul R 5'UTR 
75 93B227 D ND No insertion detected 
76 93B228 D ND CTGATCCGCA: :CCCTCATCC: :<3GCTOACGT MuDR ND EXONI 
77 93B606 D B77 GCTCGACACA : : GGGGCAGGC : : AGGCACACCG Mul F S'UTR 
78 93B607 D 067 CACCGCACCG : : CACTGCATC : :GGTCGCCAGC MuDR ND 5'UTR 
79 93B609 D B77 AGGCACACCG : : CACCGCACC : :GCATCGGTCG MuDR ND 5'UTR 
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Table 1 Footnotes 
"Alleles were generated via either random (R) or direct (D) transposon-tagging experiments. 
6 Mu insertion sites are shown as they would appear in the corresponding progenitor allele 
(see Figure 6A). The sequence of the 9-bp TSD is enclosed by double colons flanked on 
either side by 10 nucleotides immediately upstream and downstream of the TSD. For alleles 
in which only one side of the Mu transposon was sequenced, the TSD represents a predicted 
duplication. For these alleles, gl8 sequences from the non-sequenced side of the Mu 
transposon are based on the progenitor sequence for that allele and are shown in italics. For 
insertions in which transposons inserted in the coding region (and intronic insertion allele 
#65) progenitor alleles were not determined and flanking sequences are derived from the 
G18-B73 allele. Underlined TSDs indicate sequences that were obtained from both sides of a 
Mu transposon and were confirmed to be exact duplications. 
c The terminal 39 nucleotides of the left TIR of Mul and the right TIR of Mu2 are identical. 
Hence it was not possible to distinguish between Mul and Mu2 insertions in gl8-Mu alleles 
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in which only the Mul left TIR sequence was obtained. Such alleles are designated, *Mul, 
in Table 1. Since Mul transposons are present in considerably higher numbers than Mu2 
transposons in Mu stocks (reviewed by BENNETZEN et al. 1993), the orientation of *Mul 
insertions is given with respect to Mul. 
d Terminal Mu TIR sequences allowed for determination of transposon orientation for most 
transposons. Orientation defined as forward (F) if the transposon inserted with TIR arranged 
left to right with respect to gl8 and reverse (R) if the transposon inserted in the opposite 
direction. 
e Three alleles (allele #'s 14,22, and 24), marked by asterisks, have Mu insertions 4 to 11 
nucleotides 5' of the transcription start site of the B73 allele. Because transcription start sites 
were not determined for each of the progenitor alleles, the insertions in these three alleles 
may be in the 5' UTR. 
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TABLE 2 
Nucleotide composition of 35 unique insertion sites* 
Sequence 5' of TSD 
Base -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 Exp.' 
C 9 11 16 21 * 8 16 9 | 30 **| 2 " 13 
G 14 5 II 3 • 15 5 8 7 2 • 15 10 
A 7 12 2 * 8 8 13 * 12 10 / • 12 7.5 
T 5 7 6 3 4 I 6 6 2 6 4.3 
Sum %2 2.8 7.4 5.4 10 • 4.5 9.8 • 5.1 2.6 36 •• 15 * 
TSD 
Base I 2 3 4 5 6 7 8 9 Exp. 
C 17 9 19 14 14 12 6 < * 1 23 •• '3 
G 10 7 11 II 12 11 13 17 * 4 10 
A 5 10 4 2 * 6 9 12 8 4 7.5 
T 3 9 * 1 8 3 3 4 6 4 4.3 
Sum%2 2.5 8.2 * 6.9 73 I . I  0.83 7.3 11 • 13 •• 
Sequence 3' of TSD 
Base +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 Exp. 
C 9 10 2 14 16 15 13 15 13 17 13 
G 10 20 H 14 15 10 8 9 5 10 13 10 
A [ 15 / • 14 * 0 • 6 8 8 13 * 5 3 7.5 
T 1 4 5 6 3 4 5 2 7 2 43 
Sum%2 11 • 16 * 
*
 
*
 
2 11 • 1.4 0.83 0.28 8.2 * 2.5 5.9 
* 35 gl8-Mu insertion alleles from Table I have unique insertion sites as defined by the 10 nucleotides 5' of the 9-bpTSD, the 9-bp TSD. 
and 
the 10 nucleotides 3' of the 9-bp TSD. 
6 Expected nucleotide compositions represent the number of times each nucleotide is expected to appear at each position based on the 
nucleotide composition of the 35 combined insertions sites. 
Chi-square values were calculated for each individual nucleotide at all positions and the sum of those values is listed for each position in 
the 
table. The symbols * and •• indicate Chwsquare values, or nucleotides frequencies with Chi-square values that aie significantly different 
than 
expected at the 95% and 99% confidence intervals, respectively. Bolded and boxed text indicates the nucleotides that occur at 
significantly 
higher than expected rates at the 95% and 99% confidence interval, respectively, and therefore are consensus nucleotides at that position. 
Italics text indicates nucleotides that are significantly underepresented at a given position. 
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TABLE3 
Similarity among reported 9-bp TSD consensus sequences 
Source N* 
1 2 3 4 
TSD position 
5 6 7 8 9 
CRESSE" 19 C T/C C T G/C C A A C 
HANLEY" 450 OG T>C C T>A G/C C/A A/G G/A C 
gl8-Mu c 35 C T* c T G A A G* C** 
ResueMu c 315 C•• T** c** B C* A* G** A** 
#
 
*
 
u
 
Combined 819 C T c B G/C A/C G/A A/G c 
* Number of insertion events used to generate thé indicated consensus sequence. 
8 These consensus sequences are shown as the reverse complement of the original reports by CRESSE et al. 
( 1995) and HANLEY et al. (2000). These consensus sequences were derived from randomly isolated Mu 
transposons and, hence, there is no apparent reason for selection of one orientation over the other. The 
consensus sequence derived from the g!8 sequences, however, is based on the direction of transcription of the 
g!8 gene and therefore consensus sequences are oriented with respect to the g!8 gene. 
c Data from this study. Nucleotides shown in the consensus sequence have the largest Chi-square value 
among the nucleotides that occur at higher than expected rates at each position. The symbols • and •• 
indicate the Chi-square value for that nucleotide is significant at the 95% and 99% confidence interval, 
respectively. The IUB ambiguity code, B. (for T, C and G) is used for position 4 in the RescueMu and 
combined consensus sequences. 
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TABLE4 
Non-canonical TSDs from a collection of369 RescueMu insertion sites 
TSD length (bp) Number TSD GenBank ID 
AGAAGG AZ921440 & AZ921438 
6 3 GAGGAG AZ919395 & AZ919391 
GACGGG AZ918273 & AZ918270 
CAGAGAA AZ921717 & AZ921716 
7 TTTAAAA 
AZ919844 & AZ919843 
4 CTCCGGC AZ921 111 & AZ921110 
CCATGTC AZ921405 & AZ921404 
GAACAGGA AZ9I9590&AZ919587 
CGTCCCGT AZ919268 & AZ919267 
8 5 TGGTCCGG AZ9I9154& AZ919I53 
GTTGGGAG AZ918009 &AZ918007 
TCCGCGAG AZ918462 &AZ918461 
CTTGTTTGGT AZ920795 & AZ920794 
GTCGCCCAGG AZ919608 & AZ91960S 
10 6 GCCGCGCGCC AZ920516 & AZ920515 
CTCATCTGAC AZ920400 & AZ920398 
GGCCGGTGAG AZ920273 & AZ920271 
GGCTGGCGCC AZ918706 & AZ918705 
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TABLE S 
Nucleotide composition of315 unique RescueMu insertion sites* 
Sequence 5' of TSD 
Base -10 -9 •8 -7 -6 -5 -4 -3 -2 -1 Exp." 
C 123 118 m 104 132 92 103 |_ 1 * *
 
226 H 93 no 
G 50 • 61 77 78 66 72 61 22 18 30 73 
A 56 70 65 57 45 77 75 47 24 57 63 
T 86 66 62 76 72 74 76 57 47 • r 135 •• 69 
Sum 13 3.6 1.4 1.7 9.6 6.8 5.5 98 « 190 « 88 0 
TSD 
Base I 2 3 4 5 6 7 8 9 Exp. 
C 1 154 H 128 1 150 1
1
 
s
 
137 * 126 88 81 • [ 162 •• 110 
G 81 36 • • 41 88 77 58 [ 110 78 83 73 
A 37 # #  38 #* 33 42 * 48 83 * 70 96» |  32 •• 63 
T 43 
"1 113 "1 91 * 82 53 48 * 47 • 60 38 69 
Sum %2 39 • • 57 • S 48 * 12 14 19 33 " 28 55 0 
Sequence 3' of TSD 
Base +1 +2 +3 +4 +5 +6 +7 +8 +9 + 10 Exp. 
C 78 •• 81 # 47 ** 114 137 * 109 109 119 109 121 110 
G 59 161 
"1 135 "1 75 55 75 86 73 69 74 73 
A 113 •• 41 • 67 45 54 77 66 55 68 50 63 
T 65 32 # #  66 81 69 54 54 68 69 70 69 
Sum 54 140 # #  91 •» 6.6 12 7.4 6.6 1.6 0.77 3.4 0 
* Composition analysis of 315 RescueMu insertion sites as defined by ihe 10 nucleotides 5' of tile 9-bp TSD, the 9-bp TSD. and the 10 
nucleotides 3' of the 9-bp TSD. 
* Expected nucleotide compositions represent the number of times each nucleotide is expected to appear at each position based on the 
nucleotide composition of the 315 combined insertions sites. 
Chi-square values were calculated for each individual nucleotide at all positions and the sum of those values is listed for each position in 
the 
table. The symbols * and •* indicate Chi-square values, or nucleotides frequencies with Chi-square values that are significantly different 
than 
expected at the 95% and 99% confidence intervals, respectively. Bolded and bocked text indicates the nucleotides that occur at 
significantly 
higher than expected rates at the 95% and 99% confidence interval, respectively, and therefore are consensus nucleotides at that position. 
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ABSTRACT 
A paralog of the maize gl8 gene, termed gl8b, has been identified that encodes a 
protein 97% identical to the original gl8 gene, now termed gl8a. Mapping experiments have 
demonstrated that gl8b maps to a region syntenic to gl8a. Although gl8a and gl8b encode 
nearly identical proteins, gl8b does not appear to be capable of complementing for a gl8a 
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mutant as evident by the glossy phenotype associated with mutations at gl8a. A reverse 
genetic approach generated a mutant allele of gl8b. Homozygotes for this mutant have a 
45% reduction in the amount of cuticuiar waxes relative to wild-type seedlings. This is 
opposed to the 94% reduction in cuticuiar waxes in a gl8a mutant. Chemical composition of 
cuticuiar waxes from these mutants indicate that gl8a and gl8b have redundant functions and 
that these gl8 genes encode the P-ketoacyl reductase component of fatty acid elongase for 
both the decarbonylation and acyl-reduction pathways in cuticuiar wax biosynthesis. Double 
mutants of gl8a and gl8b condition nonviable kernels suggesting that P-ketoacyl reductase 
activity is essential for normal maize development. 
INTRODUCTION 
Fatty acids with chains lengths of 20 or more carbon are referred to as very long chain 
fatty acids (VLCFAs). VLCFAs are components of various lipids whose accumulation is 
developmental^ and spatially regulated. For example, VLCFAs are major components of 
the waxes and cutin that comprise the cuticle that covers aerial plant surfaces; of suberin, 
which accumulates in roots, xylem, and bark, and in response to wounding; and of the 
sphingolipid portion of plasma membranes. Finally, in seeds of certain species (particularly 
of the Brassicaceae) VLCFAs are incorporated into the triacylglycerol molecules that form 
the seed oil. 
VLCFAs are biosynthesized by an endoplasmic reticulum (ER) associated enzyme 
system, referred to as fatty acid elongase (FAE) (von Wettstein-Knowles, 1982). FAE 
generates VLCFAs by elongating 18C fatty acids generated by the plastidic de novo fatty 
acid biosynthetic machinery. The mechanisms by which FAE does this are believed to be 
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analogous to those used during de novo fatty acid synthesis in that both involve cyclic 
reactions of ketoacyl synthesis, P-ketoacyl reduction, P-hydroxyacyl dehydration, and enoyl 
reduction (Fehling and Mukheqee, 1991). However, the insoluble nature of these enzymes 
has hampered efforts to purify the individual components of FAE and to identify the genes 
that encode these proteins. 
In contrast, the characterization of mutants defective in VLCFA biosynthesis or the 
accumulation of cuticuiar waxes has resulted in the isolation of two enzyme components of 
FAE. Specifically, characterization of the fael and cer6 mutants of Arabidopsis resulted in 
the isolation of genes encoding the ketoacyl-CoA synthase (KCS) (James et al., 1995; Todd 
et al., 1999; Millar et al., 1999; Fiebig et al., 2000; Lassner et al., 1996; Barret et al., 1998) 
component of the FAE. More recently, molecular characterization of the maize gl8 mutant 
resulted in the identification of the second component of the FAE, which catalyzes the P-
ketoacyl reductase reaction (Xu et al., 1997; 2002). Genes encoding the remaining two 
components have not been identified from any plant species. 
The cuticle is composed of the polymer cutin and a mixture of VLCFA-derived 
compounds commonly termed the cuticuiar waxes. Some of the cuticuiar waxes are 
embedded within the cutin. Others, the epicuticular waxes, are crystal-like structures visible 
on the surface of the cuticle. The cuticle of plants limits non-stomatal water loss (Martin and 
Juniper, 1970; Kolattukudy, 1981) and are thought to provide protection from UV radiation 
(Reicosky and Hanover, 1978) and various pathogens (Kolattukudy, 1987; Jenks et al., 
1994). In addition, it functions in pollen-stigma (Preuss et al., 1993) and plant-insect 
interactions (Eigenbrode and Shelton, 1990; Eigenbrode and Espelie, 1995). 
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Mutants defective in the normal accumulation of cuticuiar waxes have the potential of 
providing detailed insights into the function of this protective, lipid-based outer layer of 
plants. Furthermore, characterization of such mutants provides insights into the biosynthesis 
of the VLCFA-derived cuticuiar waxes. Mutants that have reduced accumulation of 
epicuticular waxes are readily identified by their shiny or glossy appearance. Chemical 
analyses of cuticuiar waxes isolated from such mutants, in addition to studies of the effects of 
inhibitors of cuticuiar wax biosynthesis, have been interpreted to indicate plants contain at 
least three distinct pathways leading to the biosynthesis of cuticuiar waxes: the 
decarbonylation, acyl-reduction, and P-ketoacyl-elongation pathways (reviewed by Post-
Beittenmiiler, 1996). The decarbonylation pathway produces alkanes and ketones with odd-
numbered carbon chain lengths; the acyl-reduction pathway produces alcohols, aldehydes 
and esters; and the P-ketoacyl-elongation pathway produces a variety of oxygenated 
hydrocarbons. Most plants are believed to express all three pathways, but the contributions 
of each pathway to the final cuticuiar wax load varies among organs and species. 
Although individual biochemical steps required in the biosynthesis of cuticuiar waxes 
have been elucidated, the details of the three pathways and their inter-relationships are not 
well understood. For example, it is not clear whether a single or multiple fatty acid elongases 
generate the VLCFAs that are the precursors for each pathway. The finding that the 
Arabidopsis genome contains at least four genes that code for KCS (James et al., 1995; Todd 
et al., 1999; Millar et al., 1999; Fiebig et al., 2000) and more than a dozen KCS homologs 
have been identified and mapped in maize (Dietrich et al., unpublished data) suggests that 
multiple fatty acid elongases may exist in plants. These results are consistent with the 
findings that at least three fatty acid elongase-containing preparations with different substrate 
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or co-factor requirements have been partially purified from various membrane extracts 
(Domergue at al., 1998; 1999; Lessire et al., 1985). 
This study reports the isolation and characterization of two paralogous maize genes 
that encode P-ketoacyl reductase. These genes have been termed gl8a and gl8b (the 
"original" gl8 gene cloned by Xu et al. (1997) is now referred to as gl8à). A reverse genetic 
approach was taken to isolate a mutant of gl8b. Analysis of gl8a and gl8b single mutants and 
gl8a, gl8b double mutants established that the P-ketoacyl reductase component of FAE is 
essential for normal maize development and that the two genes have at least partially 
redundant functions. 
RESULTS 
Isolation of a gl8 paralog 
Based on findings that will be presented in this manuscript, the maize gl8 locus, which was 
initially identified by a mutation that caused a reduction in the accumulation of epicuticular 
waxes on the seedling leaves (Emerson et al., 1935), will now be referred to as gl8a. This 
gene was cloned by identifying a Mu8 transposon that co-segregated with the glossy 
phenotype in a stock carrying the gl8a-Mu 88-3142 allele (Xu et al., 1997). DNA flanking 
this Mu8 insertion was isolated and confirmed to be the gl8a gene via allelic cross-
referencing experiments. The sequence of a 6.8-kb HindWl fragment from the B73 gl8a 
genomic clone XI512-38 and of an apparently full-length gl8a cDNA (pgl8) have been 
reported previously (GenBank accession #s AF302098; and U89509; respectively). 
RNA gel-blot experiments also revealed that seedlings homozygous for gl8a-ref or 
gl8a-Mu 88-3142 accumulate less gl8a transcript than do normal seedlings (Xu et al., 1997). 
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Unexpectedly, RNA gel-blot experiments also established that multiple gl8a alleles that 
contain Mu insertions within their coding regions still accumulate g/Sa-hybridizing 
transcripts of various sizes (Figure 1). The larger transcripts present in lanes 2-4 most likely 
result from either transcription through the Mu transposon present in these alleles or 
transcripts initiated within the Mu transposon. The normal-sized g/Sa-hybridizing transcript 
that was detected in these mutant seedlings could have resulted from somatic excision events 
that occur frequently in Mu insertion alleles (Doseff et al., 1991). However, normal-sized 
g/Sa-hybridizing transcript is also detected in a stock homozygous for a deletion of the entire 
gl8a locus (Figure 1 lane 5). This result is consistent with the hypothesis that maize carries a 
duplicate gl8a gene that is expressed in gl8a mutant seedlings. 
Indeed, the existence of a second, g/Sa-hybridizing gene, termed gl8b, has now been 
confirmed. Efforts to isolate a gl8a cDNA resulted in the isolation of two distinct classes of 
g/Sa-hybridizing cDNAs that have nearly identical DNA sequences but that exhibit a few 
DNA sequence polymorphisms relative to each other and to the gl8a genomic clone XI512-
38 (Xu et al., 1997 and unpublished). For example, although some gl8a cDNA clones (viz., 
the 0.8-kb partial (clone p88m) and the 1.4-kb apparently full-length clone (pg!8)) are 
identical in sequence to clone XI512-38, a second class of cDNA clones (viz, the partial 1.0-
and 0.5-kb g/Sa-hybridizing cDNA clones (clones 1746-10 and 3-1, respectively)) contain 
several SNIPs and a 10-nt deletion in their 3' UTRs relative to the gl8a sequences. 
The isolation of a g/&z-hybridizing B73 genomic clone (X5-1-1) that exhibited the 
sequence polymorphisms that distinguish clones 1746-10 and 3-1 from the gl8a cDNA 
clones established the existence of the gl8b gene. Sequence analysis of a 7.2-kb region of 
clone X5-1-1 revealed the gl8a and gl8b genes have conserved gene structures including 
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absolute conservation of the intron/exon borders (Figure 2). The coding regions have 96% 
sequence identity while the introns have approximately 85% sequence identity. Differences 
are largely due to single nucleotide insertion polymorphisms (SNIPs) and small 
insertion/deletion polymorphisms (IDPs) ranging in size from two to 35 nt. The 3' UTRs are 
93% identical with a 10-nt IDP accounting for the largest difference. 
Significant differences do however exist between the 5' UTRs of the two genes and in 
the non-transcribed regions. Based on the apparently full-length gl8a cDNA (Xu et al., 
1997), the 5' UTR of gl8a is 130 nt in length. In contrast, 5' RACE experiments indicate 
that the 5' UTR of gl8b is between 30 and 36 nt in length. Excluding the four nt immediately 
5' of the start codon, no regions of sequence identity are detected in GCG BESTFIT or 
DOTPLOT alignments between the regions of gl8a and gl8b 5'of their start codons. 
Sequence identity also deteriorates rapidly downstream of the polyadenylation site in the 3' 
UTRs of these paralogs. 
A region of the genomic clone X5-1-1 specific to the gl8b gene (IAS 12) was PCR 
amplified and used as an RFLP probe in DNA gel blot experiments. Hybridization to the 
recombinant inbreds developed by Burr and Burr (1991) established that clone X5-1-1 maps 
to chromosome 4L, 0.6 cM from RFLP marker bnl7.20. In contrast, the gl8a gene maps to 
chromosome 5L tightly linked (<1 cM) to the Pr gene (Coe, 1993; Stinard and Schnable, 
1993). Chromosomes 4L and 5L are syntenic (Devos and Gale, 1997) suggesting that gl8a 
and gl8b are paralogs. 
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g/ff-encoded proteins 
The gl8a and gl8b genes are both predicted to encode 326 amino acid proteins that are 97% 
identical with only 11 amino acid differences (Figure 3). The proteins exhibit sequence 
similarity to a large class of keto-reductases (Xu et al., 1997) that have a signature pattern of 
conserved Tyr and Lys residues that are thought to be important for catalytic activity (Ensor 
and Tai, 1991). N-terminal signal peptides with predicted cleavage sites on the carboxyl side 
of positions 34 and 32 for GL8A and GL8B, respectively, were detected by Signal? (Nielsen 
et al., 1997). Both proteins are predicted by PSORT (Nakai and Kanehisa, 1992) to have 
cytoplasmic C-termini and single transmembrane domains spanning residues 71 to 87. 
PSORT and TargetP (Emanuelsson et al., 2000) predict the proteins are localized to the 
secretory pathway. The Lys residues at positions -3, -4, and -5 from the carboxyl terminus 
suggest GL8A and GL8B are endoplasmic reticulum (ER) proteins (Jackson et al., 1990; 
Andersson et al., 1999). Indeed, subcellular localization experiments using polyclonal 
antibodies raised against the C-terminal 76 amino acids of a recombinant GL8A protein have 
confirmed that these proteins are localized to the ER. The role of GL8 as a the P-ketoacyl 
reductase component of the acyl-CoA elongase was experimentally demonstrated by 
immuno-inhibition studies (Xu et al., 2002). 
Isolation of a gl8b mutant 
RNA-gel blot analyses indicate that gl8b transcripts accumulate to detectable levels in 
seedlings (Figure 1). In addition, western analyses conducted with polyclonal antibodies 
raised against recombinant GL8A detect this protein in microsomal extracts from seedlings 
homozygous for a gl8a mutant (data not shown). These data, in conjunction with the glossy 
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phenotype associated with gl8a mutations, suggest that gl8b cannot complement gl8a 
mutations even through the encoded proteins are 97% identical and GL8B accumulates in 
seedling leaves. 
A reverse genetic approach was taken to identify a mutant gl8b allele to determine the 
role of gl8b. The Trait Utility System for Corn (TUSC) (Bensen et al., 1995) was used to 
screen a large population of F, plants generated from active Mu stocks to identify individual 
plants that carry a Mu insertion in the gl8b gene. A Mu insertion allele, gl8b-Mu BT94-149, 
was identified via this approach, and sequence analyses established that it contains a Mul 
insertion 140-bp downstream of the start codon in exon 1 (Figure 2). 
Fz progeny carrying gl8b-Mu BT94-149 segregated 3:1 for lethal virescent seedlings. 
Genotyping of these Fz seedlings established that the virescent phenotype was due to an 
independent mutation in coupling with gl8b-Mu BT94-149 and located approximately 15 cM 
from gl8b. Plants homozygous for gl8b-Mu BT94-I49 that carry at least one chromosome in 
which a crossover occurred between the virescent mutant and the gl8b locus do not have any 
obvious mutant phenotype at the seedling stage, viz., they are not glossy. In fact, it has not 
been possible to identify any visible phenotype at any stage in plant development that is 
associated with gl8b-Mu BT94-149. However, SEM images of seedlings homozygous for the 
gl8b mutant from an Fz stock that is not segregating for the virescent mutation reveal a slight 
decrease in the number of epicuticular wax crystals relative to wild-type siblings from the 
same Fa family (Figure 4A and B). In contrast, SEMs of a seedling leaf at a similar stage 
from a plant homozygous for the gl8a-Mu 88-3142 allele reveal the surface is nearly devoid 
of epicuticular wax crystals (Figure 4C). 
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Biochemical analysis of epicuticular waxes 
The chemical composition of the cuticuiar waxes from seedling leaves of wild-type B73 
inbred and seedlings homozygous for gl8b-Mu BT94-149 or gl8a-Mu 77-3134 was 
determined by GC-MS analysis. Seedlings homozygous for gl8b-Mu BT94-I49 or gl8a-Mu 
77-3134 accumulate cuticuiar waxes to a level of 55% and 6% of wild-type levels, 
respectively (Table 1). Although the total amount of cuticuiar wax that accumulates on these 
mutants is reduced to varying levels, the chemical class composition, as determined by % of 
the total residue waxes that accumulate in these mutants, is not altered dramatically from that 
of wild-type cuticuiar wax (Figure 5A). For example, in both the gl8a and gl8b mutant, 
alcohols and aldehydes account for the majority of the cuticuiar waxes, which is similar to 
the wax from wild-type seedlings. In addition, the chain lengths of these components are 
primarily 32 carbons in length for waxes from both gl8a and gl8b mutants, as is the case for 
wax from wild-type seedling (Figure 5B and C). However, in the mutants, an increase in the 
percentage of shorter chain (18-28 carbons) alcohols and aldehydes is observed, particularly 
in the gl8a mutant where 18-28 carbon molecules account for about 40% of these 
components. 
Both the gl8a and gl8b mutations also result in a decrease in accumulation in alkanes 
and ketones (Table I). The predominant chain length of these components is 31 carbons in 
wax from wild-type seedlings. In the mutants, these components are also elongated to 31 
carbons but similar to the alcohols and aldehydes, there is an increase in the percentage of 
shorter chain molecules, particularly in the gl8a mutant (data not shown). 
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Although the overall effect of both the gl8a and gl8b mutation is a reduction in the 
amount of cuticuiar waxes there is an increase in the amount of free fatty acids and esters 
(Table 1). The induction in the accumulation of the free fatty acids is predominantly due to 
the enhanced accumulation of fatty acids that do not undergo elongation, i.e., fatty acids of 
18 carbons and shorter (Figure 5 D). These non-elongated fatty acids account for 32%, 77% 
and 58% of the free fatty acid fraction found in wild-type, gl8a and gl8b cuticuiar waxes, 
respectively. Similarly, the enhanced accumulation of esters associated with the gl8a and 
gl8b mutation is due to increased accumulation of shorter esters (40-48 carbons) relative to 
the 52 carbons (consisting of C-20 or C-22 fatty acids, esterified with aC-32 or C-30 alcohol, 
respectively) that are the predominant esters in the wild type (Figure 5 E). The carbon chain 
length distribution of the fatty acid moieties of these esters is relatively unaffected by the gl8 
mutations, but the alcohol moieties are shortened by 6 to 12 carbons, which accounts for the 
shortened carbon length of the esters in these mutants (Figure 5 F). 
Expression patterns of gl8a and gl8b 
The high level of sequence identity in the coding regions of gl8a and gl8b and the small size 
of the gl8b 5' UTR makes it difficult to design probes that can distinguish these two 
paralogs. Thus, the individual expression patterns of these the genes were monitored by 
RNA-gel blot analyses performed with RNA isolated from plants that were homozygous for 
the gl8a or gl8b mutations. Hybridization was performed with a probe generated from a 
portion of the gl8a cDNA (clone pGAB23) that allowed hybridization to both gl8a and gl8b 
mRNAs. Hence, RNA samples from gl8a mutant plants contain only gl8b mRNA while 
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RNA samples from gl8b mutant plants contain only gl8a mRNA. RNA from wild-type 
plants contain both gl8a and gl8b mRNAs. 
RNA gel-blot analyses detect an approximately 1.4-kb g/S-hybridizing mRNA in all 
samples from gl8a and gl8b mutant plants as well as from wild-type plants (Figure 6A-D). 
gl8b mRNA accumulates at its highest levels in husk, tassel, and ear tissue. The highest 
levels of gl8a mRNA are in seedlings, silk and young ears. gl8a mRNAs in general 
accumulates to approximately 10-fold excess of the gl8b mRNA. Samples from wild-type 
plants (containing both gl8a and gl8b mRNAs) are approximately equal to the sum of the 
gl8a and gl8b mRNAs as detected from the mutant plants. 
To better localize the g/5-hybridizing mRNAs in seedlings, the above ground portion 
of 10-day-old B73 seedlings were divided into two samples, expanded and unexpanded. The 
expanded sample contained only the leaf blades of the fully expanded first and second leaf 
while the unexpanded sample consisted of the sheaths of leaf one and two and the 
unexpanded leaves contained within those sheaths. The gl8 mRNA was detected almost 
exclusively in the RNA from unexpanded leaf sample (Figure 6E and F). 
To determine the effect of light on the accumulation of gl8a and gl8b mRNA, similar 
RNA-gel blot analysis was performed on RNA isolated from seedlings grown under dark 
conditions and compared to RNA samples from seedlings light grown conditions (Figure 6G 
and H). Both the g18a and gl8b mRNAs accumulate at approximately 5 fold excess in the 
light grown samples. 
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Transgenic analysis 
To further aid in the characterization of the expression of these paralogs, transgenic maize 
lines carrying GUS reporter constructs driven by the promoters from the gl8a and gl8b genes 
were developed. Approximately 2-kb fragments of DNA upstream of the gl8a and gl8b start 
codons were transcriptionally fused to the pDMC205 vector to generate plasmids pBKAR 
and pBBUS, respectively. Fourteen independent transgenic lines were generated that carry 
the transgene from pBKAR, five of which express GUS over multiple generations. Eleven 
independent transgenic lines were generated that carry the transgene from pBBUS, four of 
which express GUS over multiple generations. 
By assaying gl8a- and g/SA-driven GUS staining at various stages throughout 
development it was revealed that the expression patterns of the pBKAR and pBBUS events 
are indistinguishable. Some variation was observed in the levels of GUS expression among 
events but this was not construct-dependent, and, therefore, likely reflects variation arising 
from transgene position effects. The patterns of GUS staining observed in plants carrying an 
active copy of the gl8a:GUS and gl8b:GUS transgenes appear consistent with RNA gel-blot 
experiments. For example, in 7-day-old seedlings high levels of GUS activity were observed 
in the unexpended leaves that are enclosed by the first leaf sheath (Figure 7A). This activity 
diminishes and becomes restricted to vascular tissue in sheath and expanded leaves (Figure 
7B). GUS activity is also observed in roots, with the most intense staining in the meristems 
of root tips and positions in the root nearest the pericycle where lateral roots emerge (Figure 
7C). Weak staining is also apparent in the vascular tissue of roots. In 5-day-old seedlings 
germinated in paper rolls, strong GUS activity is detected at the base of the hypocotyl (Figure 
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7D). Even those transgenic events that exhibit only weak or undetectable expression in 
seedling leaves exhibit relatively intense staining in this region. 
In adult leaves, expression is detected only in vascular tissue (data not shown). Cross 
sections of young pistillate spikelets and cob reveal GUS staining in the pith and in a small 
region within the ovule that appears to be the nucellus (Figure 7E). In mature unpollinated 
ears GUS activity is most obvious at the base of the silk where cell division is occurring 
(Figure 7F). A heavily staining spot is often observed at the base of the silk (Figure7F 
arrow). This spot represents the tip of the posterior carpal that marks the location of the 
stylar canal (Kiesselbach, 1949). GUS activity is minimal through much of the remainder of 
the silk, although it is often observed in silk hairs (Figure 7G). In the staminate flowers, 
expression is most prominent in pollen grains (Figure 7H and I), but is also observed in the 
vascular tissue of the glumes. GUS staining is observed first in pollen grains near the tip of 
the anther but over the few days prior to anthesis pollen grains lower in the anther begin to 
stain. 
The transgenic expression patterns gl8a and g/86-driven GUS expression were 
observed in a stock that was homozygous for the gl8a-ref mutation. No changes in the level 
or the pattern of expression was observed for either the pBKAR or pBBUS events in the 
gl8a-ref mutant background (data not shown). This is consistent with RNA-gel blot analysis 
that indicated that mRNA accumulation was not influenced by the status of the paralog. 
In situ hybridization 
In situ hybridization was used to confirm many of the GUS staining patterns observed among 
the transgenic plants. DIG labeled probe was generated from the same gl8a cDNA clone in 
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which probe was generate for the RNA-get blot experiments. Thus, as with the gel-blot 
analyses, gl8b transcript is specifically detected in gl8a mutants, gl8a transcript is 
specifically detected in gl8b mutants and both transcripts are detected in wild-type plants. 
Cross-sections through the young unexpanded portion of 7-day-old seedlings from B73, gl8a 
and gl8b reveal that the highest levels of gl8 hybridizing mRNA accumulation occurs in the 
innermost leaves and accumulation becomes restricted to vascular tissue and epidermal cells 
in outer leaves (Figure 8A-F). The spatial patterns of mRNA accumulation appear similar 
for gl8a and gl8b, although, consistent with RNA gel-blot experiments, gl8a mRNA 
accumulation is considerably higher than that of gl8b accumulation. Longitudutinal sections 
through a B73 kernel imbibed for 48 hrs reveals gl8 mRNA accumulates in the vascular 
tissue of the scuttelum and throughout the embryo axis (Figure 8G and H). Longitudinal 
section though a B73 root tip reveal gl8 transcript in the root tip as well as the endodermis 
(Figure 81 and J). Longitudinal section through a wild-type ear reveals high levels of gl8 
transcript throughout with the highest levels accumulating in the developing ovules (Figure 
8K and L). In situ hybridization was unable to detect the gl8 transcript in adult leaf samples 
(data not shown) although RNA-gel blot analysis and the transgenics suggest some level of 
gl8 expression in adult leaves. The transgenics expression data indicate this expression may 
be highest in the vascular bundles. However, vascular staining is often observed in 
transgenic plants expressing GUS and may therefore be an artifact. 
Analysis of gl8a, gl8b double mutant 
The overlapping expression patterns of the gl8 paralogs along with their similar wax 
compositions of residue wax from gl8a and gl8b mutants led to the hypothesis that the genes 
168 
have at least partially redundant functions. Double mutants were generated to test this 
hypothesis. Crosses were made between stocks homozygous for gl8b-Mu 94BT-149 and 
gl8a-Mu 88-3142 (Cross 1). One copy of chromosome 4 in the stock homozygous for gl8b-
Mu 94BT-149 also carried the linked v* mutation, which confers a virescent phenotype. F| 
plants from this cross were self-pollinated and F% progeny scored for gl8a, gl8b double 
mutants. Because gl8a and v* are unlinked, F% progeny from F| plants that inherited the 
gl8b-Mu 94BT-149 v* chromosome (Cross 2) were expected to segregate 15:1 for glossy 
(due to homozygosity for gl8a), virescent seedlings (due to homozygosity for v*) and one-
quarter of the glossy seedlings were expected to be virescent. However, glossy, virescent 
seedlings were observed at substantially lower frequencies than expected. In fact, only 13 of 
165 glossy seedlings were virescent. Genotyping of these 13 seedlings revealed that each 
was heterozygous at the gl8b locus, and, therefore, arose via crossovers between gl8b-Mu 
BT94-I49 and v*. Hence, no viable gl8a, gl8b double mutants were recovered. Additional 
genotyping of 300 F% progeny from Cross 3 also failed to identify double mutant seedlings, 
although all other possible genotypes were present at ratios expected from a standard di-
hybrid cross. This provides strong evidence that the gl8a, gl8b double mutant genotype is 
lethal. 
Cross 1: gl8a-Mu 88-3142/gl8a-Mu 88-3142 ; Gl8b V*/Gl8b V* X Gl8a/Gl8a ; gl8b-Mu 
BT94-149 v*/gl8b-Mu BT94-149 V* 
Cross 2: gl8a-Mu 88-3142/Gl8a ; gl8b-Mu BT94-149 v*/Gl8b V* self 
Cross 3: gl8a-Mu 88-3142/Gl8a ; Gl8b V*/gl8b-Mu BT94-149 V* self 
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To distinguish between a double mutant genotype that produces a non-viable kernel 
or one that is gametophytic lethal, kernels that were expected to segregate 25% for double 
mutants (F2 progeny from Cross 4 or 5) were germinated in paper rolls (Wen and Schnable, 
1994). 
Cross 4: gl8a-Mu 88-3l42/Gl8a; gl8b-Mu BT94-149 V*/gl8b-Mu BT-149 K*self 
Cross 5: gl8a-Mu 88-3142/gl8a-Mu 88-3142; gl8b-Mu BT94-149 V*/Gl8b V* self 
When Fi progeny from Crosses 4 or 5 were germinated in this way approximately 25% of the 
kernels did not produce viable seedlings (Figure 9 A). These kernels had normal endosperm 
development but the scuttelum and embryos were typically degenerated (Figure 9 B). DNA 
isolated from endosperms of such kernels confirmed that these kernels are double mutant for 
the gl8a and gl8b mutations. A small percentage (~5%) of these kernels produce a small 
primary root without any shoot growth (Figure 9C). Genotyping of such seedlings (using 
DNA isolated from roots) revealed that these abnormal seedlings were homozygous for both 
gl8a-Mu 88-3142 and gl8b-Mu BT94-149. Rarer still, limited shoot growth was observed in 
double mutants but within 24 hours of emergence these shoots completely desiccated (Figure 
9D). 
DISCUSSION 
Maize contains two genes that encode for P-ketoacyl reductase 
P-ketoacyl reductase is one of four enzymatic activities required for the elongation of fatty 
acids to generate the very long chain fatty acids that serve as precursors for the biosynthesis 
of cuticular waxes. Two maize genes (gl8a and gl8b) encode proteins with P-ketoacyl 
reductase activity. Sequence analyses of genomic and cDNA clones for these genes reveal 
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that their gene structures are conserved and that the corresponding proteins are 97% identical. 
Mapping experiments have placed gl8b on chromosome 4L, which is syntenic to the location 
of gl8a on chromosome 5L. Syntenic regions are believed to be the result of an ancient 
allotetraploidization event that occurred during the evolution of maize (Helentjaris et al., 
1988). Sequence analysis of 14 pairs of genes believed to have resulted from chromosomal 
duplication during an allotetraploidization event suggested that the progenitors to this event 
diverged roughly 20.5 million years ago (Gaut and Doebley, 1997). However, the extreme 
degree of sequence identity (96% DNA, 97% amino acid) that exists between these genes 
would not be expected if the gl8a and gl8b paralogs arose from this ancient duplication 
event. The high level of sequence identity between gl8a and gl8b is better explained by a 
more recent gene conversion-like event involving the two gl8 loci. 
Regardless of their origins, duplicate genes have three primary fates: 1) decay 
through mutation resulting in a pseudogene; 2) functional divergence; or 3) retention of the 
original, or similar, gene functions (reviewed by Wendel, 2000). The isolation of a partial 
gl8b cDNA provides evidence that gl8b is not a pseudogene. Expression patterns, as 
determined by RNA-gel blot analysis, transgenic analysis with promoter::GUS fusion 
constructs, and in situ hybridization, indicates the two genes have highly similar expression 
patterns yet gl8b cannot compensate for the loss of gl8a even though the corresponding 
proteins are 97% identical and the GL8B protein has P-ketoacyl elongase activity. This 
suggested that the two genes might have diverse function. However, several lines of 
evidence described in this study suggest that these paralogous genes have at least partially 
redundant functions and that the gl8a phenotype appears to result from a dosage effect 
caused by the loss of the higher expressed gl8a gene. 
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glSa and gl8b encode functionally redundant proteins 
Analyses of the chemical compositions of juvenile cuticular waxes from wild-type plants and 
plants homozygous for gl8a or gl8b single mutants revealed that the mutants condition 
similar changes to the cuticular waxes. The primary effect of both mutants is a reduction in 
the accumulation of cuticular waxes, although this effect is more apparent in the gl8a mutant 
(94% reduction) than in the gl8b mutants (45% reduction). Hence, gl8a mutations present a 
visible reduction in cuticular wax deposition (i.e., the glossy phenotype), while the gl8b 
mutation does not present a visible reduction in cuticular wax deposition (i.e., is not glossy in 
appearance). Despite the overall reduction in the accumulation of the waxes, the chain length 
distribution of the juvenile wax components is not greatly affected by either mutation. For 
example, the primary chain lengths of alcohols and aldehydes are 32C in wax from both the 
gl8a and g 18b mutants, as well as from wild-type seedlings. Similarly, the alkanes and 
ketones components from the mutant seedlings are present primarily in their fully elongated 
form (31C). However, consistent with the role of GL8 as a component of fatty acid elongase, 
the residual cuticular waxes on the mutants have a slight increase in the percent of shorter 
chain length acyl chains in each of the wax components. This increase in shorter chain 
lengths is more pronounced in the gl8a mutant as might be expected based on the higher 
expression of the gl8a gene. 
Despite the overall reduction in cuticular wax load, an increased accumulation of free 
fatty acids and esters occurs as a result of either mutation. These increases appear to be 
associated with the shortening of the carbon chain lengths. This is most apparent in the chain 
length of the alcohol component of the ester where in the mutants the esterified alcohols are 
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shorter (20C-26C) relative to the wild-type (C32). Unexpectedly, the gl8b mutation appears 
to have a greater effect on the accumulation of these short chain alcohols in the esters than 
the gl8a mutation, despite the greater accumulation of short chain alcohols in the gl8a 
mutant. This suggests that the gl8 genes may not be entirely redundant. However, because 
the free fatty acid and esters account for such a small percentage (~0.4%) of the juvenile leaf 
wax, genetic variation between the gl8a and gl8b mutant lines may have contributed to these 
effects. The effects of the gl8a and gl8b mutants on these minor wax components may be 
more appropriately addressed in adult leaf wax where they account for as much as 42% of the 
total wax (Bianchi et al. 1989). 
The GL8 proteins are involved in both acyl-reduction and decarbonylation pathways 
The single mutations in either gl8a or gl8b similarly effect both the acyl-reduction products 
(alcohols and aldehydes) and the decarbonylation products (alkanes and ketones). The acyl-
reduction and decarbonylation pathways both utilize 32C aldehydes that are either reduced to 
alcohols (acyl-reduction) or decarbonylated to 31C alkanes (decarbonylation). Previous 
analyses of existing mutants have not been able to clearly establish if acyl-CoA elongases 
generate a single aldehyde pool used for both acyl-reduction and decarbonylation or if 
distinct elongases synthesize separate aldehyde pools for each pathway. The data presented 
here indicate that the gl8a and gl8b derived proteins contribute to a GL8 pool that is used by 
acy-CoA elongases to generate a single aldehyde pool that is used by both the acyl-reduction 
and decarbonylation pathways leading to cuticular waxes. 
This type of scenario is constant with the hypothesis that the P-ketoacyl reductase, 
dehydrates and enoyl reductase components of acyl CoA elongase, are ubiquitously 
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expressed, lack acyl substrate specificity, and are thus shared by all acyl-CoA elongases 
while specificity (both tissue and substrate) is determined by the ketoacyl-CoA synthase 
component (Cinti et al., 1992). This hypothesis is supported by studies involving 
heterologous expression of Arabidopsis and C. elegans ketoacyl-CoA synthases that 
demonstrate acyl-CoA derived VLCFAs of specific types can be synthesized in tissues or 
cells that do not normally accumulate those VLCFAs (Millar and Kunst 1997, Beaudoin et 
al., 2000). 
gl8a and gl8b double mutants caused lethality during embryo development 
In maize, acyl-CoA elongases have been purified from both leaf tissue, where they are 
involved in synthesis of VLCFAs present in cuticular wax biosynthesis (Xu et al., 2002) and 
roots, where they are involved in generating VLCFAs associated with suberin (Schreiber et 
al., 2000). VLCFAs are also found in the triacylglycerol component of oil bodies in 
developing seeds (Barret et al, 1998). The amount of VLCFAs in these oil bodies can be 
quite high in some species (i.e. Brassicaceae), but maize oil bodies contain only trace 
amounts of VLCFAs. The expression the gl8 genes in root, embryo, leaves and vascular 
tissue are consistent with each of these roles, yet the lethality of the double mutants suggests 
an additional role for gl8 in embryo development prior to the synthesis of the cuticle and 
suberized roots. The isolation of a gl8 ortholog that generates VLCFAs used in sphingolipid 
biosynthesis in yeast (Beaudoin et al., 2002) may suggest such a role for gl8 in plants. 
Sphingolipids consists of a long chain amino alcohol that forms a amide linkage to fatty acids 
that are typically >18C. Sphingolipids make up only 5% of the total plant lipids but can 
make up to 26% of the plasma membrane lipids (Lynch, 1993). Although the function of 
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sphingolipids is not clear in plants the importance of sphingolipids has been demonstrated by 
the mycotoxin, fumonsin, which causes lethality in plants by an inhibition of sphingolipid 
biosynthesis (Wang et al. 1996). In addition, a mutation in the yeast TSC13 that is predicted 
to encode the enoyl-CoA reductase component of the elongase and results in a defect in 
sphingolipid synthesis and results in conditional lethality (Zweerink et al. 1992; Mandata et 
al. 1995). The high levels of gl8a and gl8b expression in meristems and young leaf tissue are 
consistent with regions of rapid cell growth and thus increased plasma membrane 
biosynthesis. Thus, a role for gl8 encoded P-ketoacyl reductase activity in sphingolipid 
biosynthesis is consistent with the early lethality that results from the gl8a and gl8b double 
mutant. 
The slight variability observed among double mutant kernels may result from these 
alleles not being null alleles. Both alleles are Mu insertion and therefore are subject to 
varying degrees of somatic excision that can restore gene function in a small number of cells 
(Doseff et al., 1991). In addition, differences in plasma membrane composition may also 
have an influence on sensitivity. For example, roots been shown to accumulate smaller 
amounts of sphingolipids in their plasma membranes than do shoots (Sandstrom and Cleland, 
1989) and this may offer an explanation for the rare double mutants that do germinate but 
only produce a root. 
Although the role gl8 in sphingolipid biosynthesis offers and attractive hypothesis to 
explain the lethal phenotype, additional experimentation needs to be performed. Regardless, 
the novel finding that the gl8a and gl8b genes are highly expressed in tissues that are not 
associated with cuticle biosynthesis suggests that gl8a- and g/S6-dependent VLCFA 
biosynthesis is required for the biosynthesis of other lipids. The lethality of the double 
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mutants indicates that the gl8 encoded P-ketoacyl reductase activity is required for the 
development of viable kernels. 
METHODS 
Genetic stocks 
The gl8a mutant alleles used in this study were described by Dietrich et al. (2002). The gl8b 
mutant allele gl8b-Mu BT94-149 was identified from a TUSC (Trait Utility Screen for Corn) 
screen performed by Robert Meeley (Pioneer Hi-Bred, Johnston, IA). 
Isolation of gl8b genomic and cDNA clones 
The gl8b genomic clone X5-1-1 was isolated from a XDash II (Stratagene, La Jolla, CA) 
maize genomic library constructed by John Tossberg (Pioneer Hi-Bred International Inc., 
Johnston IA). The library was screened by DNA hybridization (Maniatis et al. 1982) with a 
0.8-kb partial gl8a cDNA (p88m) described by Xu et al. (1997). Single and double 
restriction digestions of clone X5-1-1 by //indlll and/or £coRI revealed that the gl8b gene 
spans a 5.6-kb Hindlll fragment and a 2.4-kb //mdlll/EcoRI fragment. Each of these 
fragments was subcloned into an appropriately digested pMOB vector (Strathmann et al., 
1991) and sequenced at the Iowa State University Nucleic Acid Facility on an ABI 373A 
automated DNA sequencer (Applied Biosystems, Foster City, CA). Direct sequencing of X 
DNA from clone X5-1-1 across the HindWl junction confirmed that the two fragments are 
contiguous. Sequence analyses were performed using the Sequencher™ Version 3.0 
software package (Gene Codes Corporation, Inc, Ann Arbor, MI). 
A 1.0-kb partial gl8b cDNA (1991-12) was isolated from a cDNA library prepared 
from RNA isolated from 14-day-old B73 seedling leaves by Yiji Xia using the pAD-GAL4 
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vector (Stratagene, La Jolla, CA). This library was screened with the 0.8-kb gl8a cDNA 
clone and both gl8a and gl8b cDNA clones were identified. The cDNAs for these genes 
were distinguished by amplification of their 3' UTRs with primers g24he.p4 and g8bsp 
followed by digestion of the amplified products with Cfol. Products amplified from gl8b 
cDNAs do not contain the Cfol restriction site while fragments amplified from gl8a cDNAs 
do. The 5' end of the gl8b cDNA was isolated by 5' RACE with 3' nested gene-specific 
primers gab362 and mcd696. GeneRacer (Invitrogen, Carlsbad, CA), a modified 5' RACE 
procedure that allows amplification only from mRNAs having a 5' 7-methylated guanine 
cap, was used to confirm that the 5' RACE product was full-length. 
Constructs 
A 141-bp EcoRl/Ncol fragment from the 5' UTR of the gl8a cDNA clone pgl8 was blunt-
ended with mung bean nuclease and ligated into the EcoRV site of pBSK. to create the gl8a-
specific clone 1449-7. A 113-bp PCR product was amplified from gl8b-5.6 with primers 
xxl 128 and gl3s.p2. This PCR product was cloned into the pBSK/T-vector to create the 
g/S6-specific clone 1409-4. The insert of this clone is released by digestion with Hindlll and 
EcoRI. This fragment was used as the RFLP probe IAS 12 to map the gl8b gene. The PCR 
product resulting from the PCR amplification of the gl8a cDNA clone pgl8 with primers 
gab457 and g24he.p5 was subcloned into the pCR-TOPO 4.1 vector (Invitrogen) to generate 
pGAB23 (clone 2490-1) that was used for generating probes for RNA gel bot experiments 
and in situ hybridization experiments. 
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Generation of transgenic maize lines 
pBKAR (clone 1608-1) was constructed by ligating the 2,203-bp XhoUXbal fragment from 
the gl8a genomic clone XI512-38 into the pDMC205 expression vector (GAMBIA, 
Canberra, Australia) cut with Xhol and Xbal. pBBUS was created via a two-step process that 
began by ligating the 2,300-bp BgllUNcol fragment from gl8b-5.6 that had been blunt ended 
with SI nuclease into PvivII-digested pDMC205 to generate clone 1339-8. Clone 1339-8 was 
then digested with Sail and Hindlll, filled in with Klenow and religated to generate pBBUS 
(clone 1673-11). Transgenic plants carrying pBKAR or pBBUS were generated by the Iowa 
State University Plant Transformation Facility by co-bombardment with the pBAR184(-) 
selection construct (Frame et al., 2000). 
GUS expression was monitored by incubation of tissue sections in GUS assay buffer 
(50 mM Na phosphate buffer pH 7.0, 10 mM EOT A, 0.1% triton X-100, 2 mM potassium 
ferrocyanide, 2 mM potassium ferricyanide, 100 mg/rnl chloramphenicol, 1 mg/ml X-Gluc) at 
37°C for 12-18 hours and cleared with 70% ethanol. 
Genotyping gl8b 
High-throughput DNA isolations were performed as described by Dietrich et al. (2002). 
Plants homozygous for gl8b were identified by PCR amplification with two primer pairs: 
gl8b-a in conjunction with Mu-TIR, and g!8b-c in conjunction with 8bm225. Primer 8bm225 
is an IDP (INDEL Polymorphism) primer that amplifies Gl8b-B73, but not gl8b-Mu BT94-
149. Thus the primer pair gl8b-c/8bm225 does not produce a PCR amplification product 
from template DNA isolated from plants homozygous for gl8b-Mu BT94-149. The presence 
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of the gl8b-Mu BT94-149 allele was confirmed via amplification with primer pair gl8b-a and 
the Mu TIR specific primer, Mu-TIR. 
Microscopy 
Scanning electron microscopy was performed at the Iowa State University Bessey 
Microscopy Facility on the adaxial surface of the second leaf from 10-day-old seedlings. 
Freshly harvested samples were coated with a 60/40 palladium/gold alloy using a Denton 
(Moorestown, NJ) Vacuum Desk II LC sputter/etch unit and analyzed with a Joel scanning 
electron microscope (model 5800 LV; Kokyo, Japan). 
Chemical analysis of cuticular waxes 
Cuticular waxes were extracted from 9-10 day old maize seedlings grown in greenhouse sand 
benches. Prior to extraction, a known volume of the internal standard (hexadecane-Sigma, 
10mg/mL) was applied to seedlings. Seedlings were immersed in HPLC-grade chloroform 
for 60 sec. The extract was then filtered with glass wool. The filtered extract was taken to 
dryness using rot evaporator at 30°C under reduced pressure. The dried wax was dissolved in 
chloroform and subjected to GC-MS analysis. GC-MS chromatographic analysis was 
conducted using a Gas Chromatograph (6890 series Agilent, CA), equipped with a Mass 
Detector 5973 (Agilent, CA). Wax constituents were separated on a 30 m long, 0.32 mm i d. 
fused silica capillary column (HP-1) using He as a carrier gas. The injector and detector were 
held at 250°C. The oven was initially heated to 80°C and subsequently heated to an 
additional 5°C /min until a temperature of260°C was reached. This temperature was 
maintained for 10 minutes, and then heated at 5°C/min until a temperature of 320°C was 
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achieved and held at this final temperature for 30 min. Identification of the wax components 
was facilitated by using HP enhanced ChemStation ™ G1701 BA version B.01.00 with 
Windows NT ™ operating system. 
RNA isolation and gel blotting 
RNA was isolated using a scaled-up version of the TRIzol RNA Isolation Method 
(http://afgc.standford.edU/afgc html/site2Rna.htm#isolationl Briefly, glossy seedlings were 
harvested seven days after planting and frozen in liquid N%. Four grams of frozen tissue were 
pulverized and 50 ml TRIzol reagent (38% phenol, 0.8 M guanidine thiocyanate, 0.4 M 
ammonium thiocyanate, 0.1 M sodium acetate, pH 5, 5% glycerol) was added and allowed to 
warm to RT. Samples were then heated to 60°C for 5 min before centrifugation at 12,000g 
for 10 min. Supematants were mixed with 12 ml chloroform, shaken for 15 sec, and allowed 
to sit at RT for 5 min before being centrifuged at 10,000g for 10 min. The aqueous phase 
from each tube was mixed with 1/2 volume isopropanol and 1/2 volume 0.8 M sodium 
citrate/1.2 M NaCl. Samples were mixed by inverting several times and allowed to sit at RT 
for 10 min before centrifugation at 10,000g for 10 min at 4°C. The RNA pellet was washed 
with 75% ethanol and air-dried for 1 min. RNA was resuspended in 500 ul diethyl 
pyrocarbonate (DEPC) treated H%0 by incubating at 60°C for 10 min. RNA was quantified 
using a SectraMax Plus plate reader (Molecular Devices, Sunnyvale CA). 
Total RNA (15ug/sample) was electrophoresed on a 1.25% formaldehyde gel and transferred 
to GeneScreen nylon membranes (Dupont, Boston MS). Hybridization with a32P-dCTP 
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labeled probes was conducted as described by the manufacturer. In situ hybridization was 
performed as described by Jackson (1992) 
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FIGURE LEGENDS 
Figure 1. RNA gel-bot analysis of B73 and five homozygous gl8a mutants. Each lane was 
loaded with 15 ug of RNA extracted from the above-ground portions of 7-day-old seedlings. 
Lane 1, B73; lane 2, gl8a-Mu 88-3142; lane 3, gl8a-Mu 75-5074; lane 4, gl8a-Mu 77-3134; 
lane 5, gl8a-Mu 9Igl59; lane 6, gl8a-ref. 
Figure 2. Structure of the gl8a and gl8b genes. Genomic clones for gl8a (X1538-12) and 
gl8b (X5-1-1) were isolated from the same B73 library. The percent DNA identity is 
indicated for each region. NS, no regions of identity according to the bestfit algorithm in the 
GCG software package (version 10.0-Unix, from the Genetics Computer Group, Madison, 
Wisconsin) with a gap creation penalty of 50 and a gap extension penalty of three. Mu 
transposon insertion sites for alleles gl8a-Mu 88-3142, gl8a-Mu 77-3134, gl8a-Mu 75-5074, 
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and gl8b-Mu BT94-149 sites are indicated by triangles. Regions used in the promoter::GUS 
fusion constructs pBKAR and pBBUS are indicated above and below the genomic clones. 
Figure 3. GL8A and GL8B amino acid sequence. Only eleven amino acids (shaded) 
distinguish the two proteins. Both proteins are predicted by Signal? to have N-terminal 
signal peptides with cleavage sites indicated by arrows at position 32 and 34. A single 
transmembrane domain predicted by PSORT is indicated at residues 71-87. The Tyr and Lys 
residues indicated by asterisks at positions 213 and 217, respectively, are thought to be 
important to keto-reductase catalytic activity. Lys residues at positions -3, -4, -5 relative 
from the carboxyl terminus often serve as ER retention signals. 
Figure 4. SEM images at 5000X magnification from the adaxial surface of the second leaf 
from 10-day-old seedlings. Images are from (A), wild-type; (B), a plant homozygous for 
gl8b-Mu BT94-149; and (C), a plant homozygous for gl8a-Mu 88-3142. 
Figure 5. Biochemical composition of 7-day-old seeding cuticular waxes represented as % of 
WT cuticular waxes. (A) % contribution of each wax component to the total cuticular wax 
load. Chain length distribution of the alcohols (B), aldehydes (C), free fatty acids (D), and 
esters (E). (F) Distribution of the chain lengths of the fatty acid and alcohol components of 
the esters. 
Figure 6. Accumulation of gl8a and gl8b transcripts. Each lane contains approximately 15 
ug of total RNA isolated from various tissue sources from B73 (A), gl8a-Mu 91gl59 
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homozygotes (B) and gl8b-Mu BT94-149 homozygotes (C). RNA gel blots were hybridized 
with 32P-labeled probe from clone pGAB23. Hybridization to both gl8a and gl8b transcripts 
occurs in RNA from B73 sources. Sample from gl8b mutants contain only gl8a mRNA and 
while samples from gl8a contain only mRNA from gl8b. (D) Ethidium bromide staining of 
rRNA from the sample for (A-C). RNA samples from (A), (B), and (C) are arranged from 
left to right in (D). (E) The above-ground portion of 10-day-old B73 seedlings were 
separated into expanded leaf and unexpended leaf samples. (F) Ethidium bromide staining of 
rRNA. (G) RNA sample from dark and light grown B73, gl8a and gl8b mutants. (H) 
Ethidium bromide staining of rRNA for the samples from (G). 
Figure 7. Histochemical GUS staining of pBKAR and pBBUS events. All images are from 
plants hemizygous for pBKAR events. GUS staining patterns for pBBUS events are 
indistinguishable from the staining patterns obtained from pBKAR events. (A) Cross section 
through coleoptile and inner leaf from 7-day-old seedling. (B) Portion of first leaf from 7-
day-old seedling. (C) Portion of the primary root from a seven-day-old seedling. Arrows 
indicate regions of high GUS activity in the root meristem and positions of the root nearest 
the pericycle. (D) Five-day-old seedling germinated in a paper roll. (E) Cross section through 
three ovules of an immature ear (F) Base of silk from mature un pollinated ear. The spot 
indicated by the arrow is the tip of the posterior carpel. (G) Silk hairs (H) Staminate spikelet 
opened to reveal anthers. (I) Dissected anther containing pollen segregating 1:1 for the 
transgene. 
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Figure 8. In situ hybridization. Sections were hybridized with probe from the gl8a cDNA 
clone pGAB23 unless otherwise indicated. (A) Cross section through coleoptile and inner 
leaves of 7-day-old seedling homozygous for gl8a-Mu 9lgl59 and (B> gl8b-Mu BT94-149. 
(C) Cross section through adult leaf from at B73, gl8a-Mu 9lgl59, and gl8b-Mu BT94-I49. 
(D) Cross section through primary root of 7-day-old B73 hybridized to the gl8a 5' specific 
probe. (E) Longitudinal section through immature ear and pistillate spikelets. 
Figure 9. (A) Fz family segregating 1/4 gl8a, gl8b double mutants. (B) Sections of 48hr 
imbibed kernels from mutant (left) and wild-type (right). (C) Rare double mutant seedling in 
which root growth occurred without shoot growth. (D) Double mutant seedling identified 
from a soil grown F% family in which shoot growth did occur initially but desiccated upon 
emergence. 
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Tablet. Composition of 7-day-old Seedling Cuticular Waxes 
ug/g Dry Weight 
WT* el8b" 2l8a e 
Alcohols 1140 + 3 417 + 4 52.5+2 
Aldehydes 1190 + 2 802 + 4 68.8 + 3 
Alkanes 119 + 2 66.7 + 3 14.4 + 2 
Ketones 22+1  9.4 + 2.7 3 .8+1  
Esters 1.7+3 43.5 + 4 5.9 + 3 
Fatty Acids 7.8 ±1 16.9 ±2.3 13.4 + 3 
Total 2475 1355 (55%) 159 (6%) 
'Wax extracted from Gl8b/Gl8b siblings from same F2 family 
the gl8b seedlings were taken from. 
bWax extracted from seedling homozygous for gl8b-Mu BT94-149 
cWax extracted from gl8a-Mu 77-3134 homozygous seedling 
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CHAPTER Si GENERAL CONCLUSIONS 
The aerial surfaces of plants are coated by a complex layer of lipids that are referred 
to as cuticular waxes. As a testimony to the importance of cuticular waxes, these waxes have 
been observed in every species that has been assayed (Post-Beittenmiller, 1996). Wax 
crystals (epicuticular waxes) are deposited of the surface of some species. These epicuticular 
wax crystals cause such plants to have a glaucous or dull appearance. Mutations that reduce 
the accumulation of these epicuticular waxes are easily identified by their nonglaucous or 
shiny appearance. In maize, such mutations are referred to as glossy (gl) mutants (reviewed 
by Schnable et al., 1994). A total of 28 gl loci have now been identified that are involved in 
the accumulation of epicuticular waxes, nine of these were identified as a result of the 
research reported in this dissertation. With the isolation of these new gl loci, maize now 
appears to be nearly saturated for gl mutants. This collection of gl mutants will serve as a 
valuable resource in future studies aimed at determining the processes that lead to the 
accumulation of cuticular waxes. 
In the post-genomic era, experiments designed to study entire metabolic processes are 
more feasible than previously. The metabolic processes that lead to accumulation of 
cuticular waxes are now well positioned for such studies. Glossy phenotypes are easily 
observed at 7 to 10 days post germination and because cuticular waxes are secondary 
metabolites, the gl mutants are generally viable. The near-isogenic lines of the gl mutants 
produced in this study will be ideal starting materials for gene expression studies aimed at 
identifying cDNAs with altered expression in gl mutant versus normal seedlings. The 
identification of such cDNAs may lead to a better understanding of various important 
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biological processes that are associated with cuticular waxes, such as drought tolerance 
(Hadley, 1989), UV protection (Reicosky and Hanover, 1987) and plant-insect interactions 
(Stork, 1980; Edwards, 1982; Eigenbrode and Shelton, 1990; Eigenbrode and Espelie, 1995). 
The cloning of the gl8 gene has demonstrated that genetic approaches are a viable 
method for identifying genes involved in fatty acid elongation. In many ways these genetic 
approaches offer a higher probability of success than do biochemical approaches because the 
enzymes involved in fatty acid elongation are present as a complex of membrane bound 
proteins, called fatty acid elongase (von Wettstein-Knowles, 1982), that rapidly lose activity 
during purification. Hence, although partially purified elongase complexes have been 
isolated from several species (reviewed by Kolattukudy, 1996), individual components have 
not been successfully purified. The cloning of additional elongase complex components may 
be more feasible by first identifying cDNAs that encode proteins predicted to be part of the 
elongase complex based on similarities to proteins involved in VLCFA biosynthesis in other 
species, and then defining their function in maize by identifying mutants through reverse 
genetics approaches such as candidate gene cloning of gl mutants. 
Reverse genetic approaches often involve the use of the Mutator (Mu) transposon 
system. Mu transposons have tendencies to insert into genie regions and therefore have 
proven useful in identifying and cloning maize genes (reviewed by Walbot, 1992). Despite 
the widespread use of Mu transposons, relatively little is know about the insertion 
preferences or mechanisms involved in Mu transposition. A carefully designed genetic 
screen to identify Mu insertion in the gl8 gene provided a large collection of independent Mu 
insertion alleles in gl8 (Xu et al., 1997). Molecular characterization of the insertion site for 
each of 79 independent gl8-Mu insertion alleles revealed several characteristics of Mu 
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transposons that have not been previously reported. First, three new members of the Mu 
transposon family, MulO, Mull and Mul2, have been defined. These transposons appear 
similar to previously defined Mu transposons, but the higher degree of sequence diversity in 
their terminal inverted repeats (TIRs) suggests that binding of the A/uD/?-encoded 
transposase is less restrictive then previously thought. Second, Mu insertion preferences 
within a gene have been clearly demonstrated for the first time. Sixty-two of the 79 
independent gl8-Mu insertion alleles have a Mu insertion in the gl8 5' UTR, and 15 of these 
insertions occurred at exactly the same site. Finally, highly conserved sequences directly 
flanking the 9-bp TSDs have been identified in the gl8 and randomly selected Mu insertion 
sites. These findings may prove useful in elucidating the mechanisms for Mu insertion site 
selection. 
Studies of the gl8 gene have revealed that gl8 has roles in plant development other 
than those associated with cuticular wax biosynthesis. The gl8 gene was predicted to be 
primarily, if not exclusively, involved in accumulation of cuticular waxes that are specifically 
produced by epidermal cells. Gene expression studies performed by RNA gel-blot 
experiments, analysis of transgenic promoter-GUS constructs, and in situ hybridization 
experiments have revealed that gl8 is expressed throughout maize development and its 
expression is not limited to epidermal cells of seedling leaves where cuticular wax 
accumulation primarily occurs. Although gl8 appears to be expressed at its highest levels in 
unexpanded seedling leaves and meristematic regions of both shoot and roots, expression is 
also observed in vascular tissue, silk and pollen. Thus, the role of gl8 is hypothesized to 
include accumulation of VLCFAs found in association with suberin and exine, and in the 
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biosynthesis the VLCFAs, such as sphingolipids, that make up as much as 5% of the plasma 
membrane lipids (Lynch, 1993). 
A duplicate gl8 gene (gl8b) with similar expression patterns as the original gl8 gene 
(now designated gl8a) has also been identified and characterized. A mutation at this locus 
does not result in a glossy phenotype as was observed for gl8a, but it does have minor 
influences on wax composition. The two genes encode proteins that are 97% identical, and 
because their expression patterns overlap, gl8a can apparently compensate for the loss of the 
less strongly expressed gl8b gene. Interestingly, although kernels with the gl8a, gl8b double 
mutant genotype are recovered, they do not typically germinate. The few double mutant 
kernels that do germinate produce relatively normal roots but no shoot growth. This may be 
due to differences in sphingolipid content between root and shoot plasma membranes 
(Sandstrom and Cleland, 1989). Regardless of the specific biochemical role of the gl8~ 
encoded P-ketoacyl reductase, these data establish that it is essential for normal plant growth 
and development. 
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APPENDIX A. g/&z-EMS ALLELES 
Chapter 2 appendix list all gl* alleles that have been analyzed and maintained in the 
current gl stock collection. Included in that list are five gl8 alleles which EMS was used as 
the mutagen. The gl8a gene from four of these five alleles as well as from allele 2347 and 
inbred line A632 have been PGR amplified and sequenced to determine the molecular lesion 
associated with each gl8a allele. PCR products were obtained with two primer pairs: 8a2840 
(5' CCA CCC ACC GGA TAT AGG TCA TG 3')/xx022 (5' CGG ATC AGA AGG CAC 
GAC GGA G 3') and gab812 (5' TCA AGA TGC CTC TAT GTT GAG TAC AAG AGC 
AAG 3')/gl8ain (5' CTC AGG AGG TAA TGG TAG 3' ). These primer pairs specifically 
amplify portion of gl8a exon I, exon II, and exon ID but do not include the 3' end of exon I 
and the 5' end of exon Q. Table 1 summarizes the results. 
TABLE I. sequenced gl8a alleles 
Allele Progenitor Location Position Mutation 
G18-A632 A632 NA NA NA 
gl8 2347 unknown exon 1 125 A to G 
gl8 2-255-36 unknown exon 1 125 A to G 
gl8 94-1001-587 A632 exon 1 192 G to S 
gl8 N166A A632* exon 2 240 C to Y 
gl8 2-91-27 A632 exon 3 285 W t o *  
18 94-1001-3209 k A632 ND ND ND 
"Sequence data indicates the progenitor is not A632 as was reported previously 
bThis allele was not analyzed 
Allele 2-255-36 contains a polymorphism relative to the A632 sequence that results in 
an A to G substitution at position 125. However allele 2347 also contains the same A to G 
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conversion of position 125. Allele 2347 was isolated from an Ac/Ds transposon stock. PCR 
failed for this allele with primer pair gab812/g!8ain suggesting that the lesion in this allele is 
a transposon insertion within the gab812/gl8ain interval. Thus it is likely that that the A to G 
substitution observed in alleles 2347 and 2:255-36 is not responsible for the glossy 
phenotype but represents a polymorphism between wild-type progenitor alleles. 
Polymorphisms were identified that resulting in amino acid substitutions for alleles 94-1001-
587, N166A, and 2-91-27 relative to their reported progenitor allele (A632). However, 
sequence from N166A indicated that the progenitor for this allele in not A632. 
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APPENDIX B. zmKCS MAPPING SUMMARY 
Maize ESTs databases have been searched to identify ketoacyl-CoA synthase 
orthologs to the Arabidopsis KCS gene. Sequence analyses of these EST clones has allowed 
the ESTs to be assembled into 13 distinct contigs representing 13 maize ketoacyl-CoA 
synthase genes (zmKCS genes). PCR was used to amplify gene specific regions for each 
gene. These products were used as RFLP probes in mapping experiments. Table 1 
summarizes the mapping data. 
TABLE 1. zmKCS mapping data 
Clone # IAS# Chromosome Map Position Nearest Marker 
T4-HZ12 IAS19b IS 64.1 umc76 
T6-HZ06 NA ND ND ND 
T7-HZ09 IAS29 IS 54.5 pdsl 
T3-HZ3 IAS28 4S 37.1 npi604a 
U4-HZ5a IAS33a 1L 195.7 npi573 
U4-HZ5b IAS33b 5S 79.3 pcr2 
T1-HZ4 IAS34 IS 103.8 uaz3 
U1-HZ11 NA ND ND ND 
U5-HZ15 NA ND ND ND 
T2-HZ13 IAS27 6L 172.7 mdh2 
U3-HZ10 IAS30 IS 131 npi598 
T5-HZ16 IAS35 5L 188.8 umclOS 
U2-HZ1 IAS32 IS 54.5 pdsl 
zmKCS9.1 IAS19a 9L 117.4 bnl5.09 
Mapping data has been completed for ten of the zmKCS genes. One of these gene probes 
(U4) allowed for detection and mapping of two zmKCS genes, thus a total of 11 zmKCS 
genes have been mapped. 
